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FOREWORD

This report discusses the experimental procedures used and
results obtained during work unéer Contract Da-18-001-AMC-954 (X)

entitled, "The Detection and Identification of Chemical Signatures'.

Personnel who contributed to this program include,
B.K. Krotoszynski. &. Dravnieks, Wanda Bahmet, H.W. Neumann,
N.S. Snaw, T.A. Stanley. and Joyce Burton.
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IIT Research Institute
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Andrew Dravnieks
Head, Olfactronics and
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DETECTION AND IDENTIFICATION OF CHEMICAL SIGNATURES
ABSTRACT

In the work orn the dstection and 1dentification of human
chemlcal s1gnatures expcritental dand computerilceed statistical
technigues were tiest developed tested. and standardized  The
experimental technigues :solved the problems 0f sample collection.
recovery  injection into the guas chromatograpn. calibration and
characterization -f :1gnature components. The sample collections
were based on the principle of egquilibration and were performed
by means of Apiezon L-coated Teflor powder 1n the form of a
fluidized bed. The collected samples were transferred into a
special injector needle by means 0f an IITRI-designed transfer
system. The 1njection of samples into the gas chromatcgraph was
performed in a timed, automatic andé reproducibkble manner with a
speclally constructed injection system. The calibration method
permitted correlation of the concentrations of known signature
components ir air with their respective peak areas. The
sensitivity of this novel procezs 1s of the order of one part
per billion (by volume) ©f an organic component 1n alr.

The developed techniques were used tc collect and analyze
vapor samples fic.d humans temporarlly 1so0lateag from the environment
by being piaced 1n a4 special glass cell containing high purity
air. The glesy cell was fitted with low-ad:zorptive Teflon
gaskets and a Teflon ccated resting piatform. The gas chromato-
graphic blanks of air ottained frow the system contained a few
small sicze peaks 1n the high volatility range of the chromatograph
when analyzed by the developed process.-

In 65 human chemical signatures collected and analyzed in
the packed 10 ft Carbowax 20M column at 125°C, 32 to 48 peaks per
slgnrature were opserved. Statistlical pattern analysis using
stepwlse discriminant analysis on these human chemlical signatures
which i1ncluded blocks of Caucasian males. Indian (from India) males,

Caucasian males, and on 10 chemical signatures of assorted
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¢nvironnents showed that valid discriminant functions can be
obtained utilizing 5 to 15 of the ,as chromatographlc ranges.
These findings 1ndicated that source-type-characteristic features
exist 1n the moderately resolved composition of vapors from humans
obtained gas chromatographically. These features can be used as

@ kasis for detection and i1dentification processes.

Higher resolution gas chromatography at several temperature
levels 1n a 200-ft support-coated open tubular Carbowax 20M column
exhibited typically 100 to 130 peaks. Twenty-five of these.
located 1n the gas chromatographlc ranges where peaks were most
frequently observed 1n the lower-resolution human chemical
signatures. were re-analyzed 1n a specirally designed two-column
gas chromatograph in a 30-ft Apliezon L column. Each cne of the
25 peaks consisted of 3 to 10 chemical components. or more than

150 components (total) when examlned in the two column apparatus.

The polarity of the component: i1ndicated the presence of considerable

amounts of hydrocarbons. carbonyl compounds. and others, such as
alcohols. Other materials. exceeding the alcohols 1n their gas
chromatagraphic polarity. are probably bifunctional compounds or
those with a functional group and more than cne double kond in the
molecule. Analysis of collected samples 1n a specially designed
three-column gas chromatograph utilizing computerized data
interpretation similarly indicated a great complexity of
composition.

Mass spectrographic i1dentification of the components, with a
few exceptions (moth-proofing compounds were fcund) was hot
successful. The analysis wilth the two.column gas chromatograph
demonstrated t1at the principal reason for this difficulty was the
lack of resolution, even by analysis using a8 single 200-ft tubular
column. Satisfactory future 1éentification should be possibie
using the resolved output from the combination 200.ft Carbowax
20M/50-ft Apiezon L columns 1n series.

The raw data were tabulated in terms of Kovats retention

1ndex and are listed 1n the Appendexes.
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1.0 INTRODUCTION

In the previous project, "Detection and ldentification of
Chemical Signatures." Contract DA-18-001-AMC-954 (X), the
following work was conducted: (1} a glass cell apparatus was
designed and constructed for temporary isolation of human
subjects 1n a stream of highly purified air. (2) a vapor
collection. szample transfer, and ygas chromatographic procedures
were developed for obtalning e gas chromatographic representation
of organic components in the effluents from the temporary i1solated
subjects, and (3) several representative gas chromatograms of
several subjects of different races and both sexes were obtained-

The objective of the present project vas (1) tc further
improve the vapor collection and evaluation technigques. (2) obteaan
a sufficient number of chemical signatures (gas chromatographic
representations) of vapors from a variety of subjects so that some
generalizations would become possible. (3) to characterize, as
much as possible. those human vaporous effluent components that
may be most suitable for identification of human vapors 1in
various environments, and (4) to prognosticate on the most
promising approaches to the effluent composition characterization
processes that might be suitable for identification of human-
related vaporous components.

As the work progre sed., the variability of the chemical
signatures among the 1 .1ividuals and the complexity of the vapor
ccmpousiticn emerged as the domlinant features complicating the
tasks (3) and (4) of the objectives Conseguently . much effort
had to be spent on techniques of data obtaining and interpretation,
to facilitate the tasns {3) and (4). The work consisted of
considerable 1mprovement :n the techniques 1n statistical pattern
analysis to direct attention to these gas chromatographic features
which are most human-related and high-resolution gas chromatography
and s0m€ Mass spectrcgsarphy to better characterize the chemical

nature of the oryganic fraecti1ons of the effluents from humans.
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2.0 SELECTICN OF EXPERIMENTAL APPRQOACHES

The previous work indicated that human chemical signatures
vary widely among the individuals and to a considerable extent
in the same individual and contaln many organlc components.

The volatility of the components encountered covered a broad
range. beginning with volatile substances apparently kelonging

to the lowest members of the homologous series and expected to
occur in most atmospheres and extending to substances with much
lower volatility such as expected from organic substances with
ten or more carbon atoms in molecule. It became obvious that the
human-character compconents may easily occur in the heavier (lower
volatility) sections of gas chromatographic spectrum and that the
chromatographic peaks observed most likely consist cf more than
one substance. At that juncture. twd courses were possible:

(1) work toward improvement of gas chromatographic resclution.
with detailed study of components encountered in a few
individuals. or (2) survey of chemical signatures of many
individuals and some environments wlth 1ntention to locate those
gas chromatographic features which would be most suitahle for
discrimination of humans vs environments so that the later
higher-resolution studies could be concentrated on the significantly
discriminating ranges.

The second of these routes was selected. to avoid the
possibllity of wasting i1nitial efforts on i1dentification of those
components which later might be found not to be emitted by many
humans or be not particularly suitable for detection of vapors
from humans 1n environments Since the chemical signatures
extended 1nto the range of heavier substances. the air sampling
technigue had to ke modified before data accumulation could begin
to permit sufficient collection of substances with lower vapor
pressures.

The apove considerations cuided the experimental apprcach
through the following stages:

T RESEARCH INSTITUTE
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Fluidized bed collector method with suitakle vapor
transfer devices and calibration apparatus were developed
to permit systematic and reproducible chemical signature
collection and transfer to the gas chromatograph.

Afrer preliminary experimentation with the fluidized ked
collectors for human chemical sy anature collection,
standarized sanples of organic d4pors were Obtained 1in
65 samplings from individuals of both sexes and several
races {(with some 1ndividuals repeated! ard in 10
samplings from several environments.

The collected samples were analyzed using :0-ft packed
bed Carbowax 20M column at 125°C, obtaining 75 gas
chromatographic patterns.

The patterns were submitted to computerized statistical
analysis, to detect those features that are most suitable
for discrimination cof differert vapor source classes
e€.g.. humans vs environment . different groups of humans

(males vs females. Indian males vs Caucasian males, etc.).

Several statistical apprcaches and rationales were used,
and resulted in pointing out those gas chromatographic
ranges which contained components potentially useful

for source class discrimination.

Several methods of high-rasolution gas chromatography
were developed to 1ncrease the component resclution to

a degree where mass spectrographic analysis of individual
components woulé be possible. These methods progressed
through: 50-ft and 200-ft support-cocated open tubular
single-column gas chromatograph: a two-column
chromatograph where peaks from the first high-resolution
polar column could be i1individually injecteé into a
second. non-polar column: and a three-column gas
chromatograph where the entire pattern co:ld be obtained
in polar and non-polar columns and correlzted using
specifically written computerized peak-matching program.
Because cf the high conplexityv of the sample, the three-
column patterns lost considerable detail and appeared to
present principally the gross compos:tion of the chemical
signature. The two-column device was judged to yield
most informaticn, and the chemical signature of one
individual was studied 1n detail by repeated analyses
with this device, i1nspecting the ranges 1ndicated
significant by the stavistical analysis.

The initial attemnpts to mass spectrographically identify
the components af<er resolution in a 50-ft support-
coated open tubular Cark.wax 20M column did not yield,
with one exception. cleerly i1dentifiable components.
Later work with similar single 200-.ft Carbowax 20M
column and with the two-column device indicateé that

H1 RESEARCH INSTITUTE
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even the peaks emerging from the 200-ft column were

further separable intc 2 to a&s many as 10 components.

This explained the difficulty experienced in the earlier
mass spectrographic attempts ot the component identification
and pointed the way., in the form of the two-column device,
for obtaining gas chromatographic resolution sufficient

for more successful mass spectrographic identification.

An initial listing system for classification of the
components of the chemical signatures in terms of
retention (Kovats) indexes was adapted, and some
considerations for chemical signature detector devices
were evolved.

T RESEARCH INSTITUTE

4

)

Ed




N |

g

3.0 EXPERIMENTAL

R |

The varicus subsections of this chapter deal with the

chemical signature collection and vapor transfer techniques,

—my

calibration, subject selection, statistical pattern analysis
experiments, and several techniques for high-resolution analysis
of the collected samples.

.

3.1 Glass Cell Apparatus

1
T

The 18%-in I.D. cylindrical glass cell, with Teflon ring
seals, Teflon-coated end plate, and a Teflon-coated steel frame
i stretcher for the support of human subjects in the supine

position in the midcdle of the cell has been described in detail
1o in the previous report.*

For the chemical signature collection, the subjects were
enclosed in the cell for 45-min in a stream of highly purified
air., The air was taken from hospital grade cylinders. Experience
- indicated that the scmmercially availakle hospital grade air
o contained organic impurities in varying concentrations sufficient

to make the analysis of the vapors emitted by humans uncertain and

cumbersome.

Experiments were conducted to design purification procedure

that would reduce the contaminant level in the air fed to the

cell to a practical minimum. Air first passes through a particle
i filter (Vetricel, Type VF-6,47mm Dia, Pore size .45U. Gelman

Instrument Company. Ann Arbor, Michigan) then in downflow ttrrough an
i activated charcoal bed (Figure 1) cooled in its lowest one third
- section by a dry-ice-propanol mixture. The gradual cooling of air
R in the charcoai bed prevents aercsol formation, since vapors
adsorb at approach to their dew point and before an overcooling
that can lead to aeroscl fcrmation occurs. The diameter of the

]
] carbon bed was 4-in and the rate of air flow 0.75 1/sec. The
- *Report IITRI No. U5012-4, Contract DA-11-022-2MC-1775(X)

i 1'T RESEARCH INSTITUTE
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charcoal bed adsorber was activated and stored at 200°C in

nitrogen stream between uses, so that each chemical signature

collection experiment began using a freshly reactivated adsorber.
The purified air entered the glass cell at very low humidity

level, but sufficient humidity was picked up from human subject

to result in 40-50 percent relative humidity at the exit of

the cell, The exit air temperature typically was 23° to 25°C.

Higher humidities for which provisions were made in the initial

design of the air preparation train were avoided, since the

subjects tended to begin perspiring profusely, and the excess

humidity resulted in clouding the glass and in difficulties with

water concdensation in the varor collectors kept at room temperature. ‘5.
The content of oxygen in the air decreased by less than E

2 percent absolute in passage through the cell when it was

occupied by a subject. =

3.2 Fluidized Bed Collectors

The organic vapor collection was conducted using the principle
of absorption in highly purified grease films. This principle,
used in gas chromatography in the form of "pre-column" collectors, =
permits collection of organic materials from wvapor phase without g,
interfering accumulation of water vapor, if non-polar greases )
are used. However, in its usual form of a packed bed, consisting
of grease or oil-coated inert powders, it has certain disadvantages:
the vapors of substances that are more volatile and less soluble
in the grease can saturate the collector upon passage of certain o
limited air volume and the excess begins to pass through the r
collector, while the less volatile or more oil-soluble vapor -
components may still continue to be fully removed by the collector
from the air passing through the collector. Therefore, at any
given voliume of air passed, some vapor components will reach the
equilibration concentration and their amount in the collector will
not further increase, regardless how much more air is passed.

Other components will continue to accumulate until their specific

iT RESEARCH INSTITUTE
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equilibration conditions will be met.

Tne maximum amount of a substance that can be collected from
its vapors in air is determined by several physicoche .ical
variables combinec az follows:

The number of molecules of certain species collected is
n=6.10%3.1.7a.vy (1)

L
7 Dy

X

Here d amd M are the density and the molecular weight of the
film substance, respectively; w/is the activity coefficient of
the species in the film: n_ is the concentration, molecules/cm,
¢f the species in the film: n, is the concentration in gas at
saturation at the same temperature; and V is the volume. cm3, of
the film phase in the sampler.

The activity coefficient 1s large for cases when the vapor
is peclar while the collecting phase is non..polar. For the same
vapor and collecting phase, the amount collected is proportional
to the concentration of this vapor in air (na) if the collector
temperature and consequently n  are maintained constant.

For convenience, it can be pointed out that n/na represents
the volume of air, 1n cm3.from which the particular vapor can be
fully extracted, arnd by rearranging Eq. 1,

23

o =5 - 10 1.1 |v {(11)
n n

i

it is seen to bLe essentially independent of the concentration of
the vapor in air, since all terms on the right side are either
concentration-independent . or occasionally only partially
dependent as 1s the case with the activity coefficient. The
ratio n/na 15 equlivalent to the gas chromatographic retention
volume of the specific comnnnent 1in the collecting phase at
collection temperature.-.uczually room temperature.

In the later gas chromatcgraphic analysis, unless 1t 1is

conducted using the same stationary phase as in the collector

ItT RESEARCH INSTITUTE

7

o SO

I

b




.

g e e e e e

T

(Apiezon L), it is impossible to determine for which components
the air volume passed through the collector has exceeded the
n/na volume. The most convenient solution for this indeterminacy
was found in developing a fluidized bed collector. Here the
collecting phase, in the form of Apiezon L films dispersed on
Teflon particles, is placed in a capsule through which air to be
sampled is flown at a high rate. The vapors in air reach each
particle easily, since the powder is in a violent motion, and an
equilibration is reached on all particles essentially simultaneous-
ly. For fluidized bed samplers coated with 10-wt percent of
Apiezon L, equilibration was reached within 20-30-min. To assure
equilibration, the collection was continued for 45-min.

The fluidized bed material is contained in a cylindrical
glass column, S~in long and 1-1/4-in wide (Figure 2). The
column is provided with stainless steel screen discs at each of
its ends. The diameter of the screen openings is Selected to
retain the powder in the column during vapeor collection and to
exert minimum resistance to the airflow.

The fluidized bed material is introduced into the column
through a side arm, which is then sealed off. The bed material

remains in the column during its conditioning, vapor collection,
and vapor transfer. The bed material consists of 10 g of

LSRRI

Fluoropak 80 coatec with 10% Apiezon L grease: therefore a
typical fluidized bed sampler contains 1 g of Apiezon L in the

Sl al

form of a film a few microns thick. From many conventional gas
chromatographic phases tried, only Apiezon L permitted later
recovery of dissolved organics without artifacts (extra peaks) -
from decomposition of the trapping phase itself.

Before each vapor collection, the bed material is conditioned
by heating the bed at 80°C and flushing it with pure helium gas B
until all volatile impurities are removed. The conditioning B
efficiency is estaklished by collecting residual impurities in an
injector needle (cf Section 3.3) and gas chromatographing the
collected sample. The ked material is considered clean when the

1T RESEARCH INSTITUTE
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residual :mpurities produce peaks of negligible areas. Temperatures
higher than B80°C maintained for 1 hr led to incipient thermal
decomposition of Apiezon L with formation of volatile compounds.

The Led material 1s then exposed to &ir carrying the vapors
to be ccllected and analyzed. Air 1s elther pushed or pulled by
a small blower through the sampler. 1In typical vapor collections,
the air flows at the rate of 0.5 to 0.75 liters/sec. At rates of
this order of magnitude, the powder is constantly floating and is
1n excellent and uniform contact with flowing air.

During vapor collection the bed is kept at ambient temperatures.

which are measured because the number of molecules collected through
equilibration is a function of temperature. Experiments with
n-butanol vapor in air indicated that at ambient temperatures the
n-butanol content of the bed reaches two-thirds of the equilibrium
value within 20 min and for all practical purpcses reaches
equilibrium value within 45 min. The rate-limiting factor is the
diffusion of the organic material, e.g., n-butanol, into the
greaselike film. Faster equilibration would require lower-viscosity
films, which, however. would be more volatile and could introduce
artifacts during analysis. Faster equilibration would also be
achieved at a higher bed temperature, but a smaller finally
collected amount and a loss of simplicity in collection would
result.

Since collection involves equilibration, the actual airflow
rate through the sampler does not have to be known and is not
critical as long as the powder floats and does not pack at the end
screens. Therefore 1t is unnecessary to measuré airflow rates
during sampling. However, water condensation in the sasmpler must
absolutely be avoided, since condensed water constitutes a
competitive collection phase having an unknown. variable volume.
Also, 1f the concentration of the organic components 1n air changes
rapidly during the sampling, the collected amount will not follow
the trends well. Therefore the sampler 1s best suited for sampling
from air in which the concentrations of the organics are reasonably

I'T RESEARCH INSTITUTE
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stable. The time constant of the sampler is of order of 20 min.
Concentration fluctuations that are much slower or much faster
than this value will be unimportant.

3.3__Vapor Transfer and_Injection Apparatus

Vapor components trapped in the thin film in the fluidized
bed are transferred. by elution with cryogenically purified helium
gas (Figure 3), into a stainless steel thin-wall injector needle
(Figure 4). During transfer, the bed material is heated to 80°C
and the injector needle 1s cooled to liquid nitrogen tempecraturc
in a specially designed copper block immersed at its bottom end
in liquid nitrogen. The typical duration of vapor transfer is
1 hr, and 70 to B0% of the organic vapor sample 1s transferred
into the injector needle. Higher efficiency can be achieved by
longer transfer at the expense of analytical time. Higher
temperatures result in incipient breakdown of Apiezon L and peak
artifacts.

The vapor sample in the injector needle 1s delivered to the
chromatographic column by means of an injection system (Figure 5).
The essential parts of the injection system include an electrical
motor (A) with an eccentric cam. a stainless steel bellows (B),

a stainless steel cylindrical bellows enclosure (C), a pressure
gauge (D), a stainless steel capillary U-shaped cold trap (E), and
a stainless steel injector needle (F),

The motor . acting through the eccentric and a spring-loaded
pushing rod, can draw a l-cm3 volume of carrier gas from the
injection port and into the bellows and later employ this volume
to inject the sample from the heated injector needle into the
septum of the column. The bellows enclosure provides a smooth fit
of the bellows, with a minimum of dead space. The pressure gauge
indicates the injection port pressure at any column ftemperature
and any temporary pressure change due to injection. The gauge
also serves to 1ndicate, by a pressure lower than usual, any leaks
in the septum/needle system. The U.shaped trap. which 1s 1/16-in

T RESEARCH INSTITUTE
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in cutside diameter and cooled to liguid nitrogen temperature,
blocks the passage of impurities from the bellows and the pressure
gauge into the injector needle. When not in use, the injection
system is kept under the flow of pure helium gas. During this
standby interval, helium flows into the system at a measured rate
(flowmeter G) and pressure (pressure gauge H) from a separate
source through a liquid nitrogen trap (I) and a T-joint (K).

Sample injection involves the following steps. The needle
containing the sample and kept in dry ice is attached to the
injection system at the outlet of the cold trap by means of a
Swagelok connector (L). The helium flow is then discontinued at
K by closing the connection with a Swagelok nut provided with a
met3l rod. The other end of the injector needle is attached to
the injection port of the chromatograph (M) by means of a Conax
connector equipped with a Teflon sealing plug, and time is
allowed for attainment of the injection-port pressure, as indicated
by the pressure gauge (D).

A l-cm™ volume of carrier gas is drawn into the injection
system by means of the motor-driven bellows. Again, time is
allowed for stabilization of the pressure. To inject the vapor
sample, the needle is heated to the selected temperature by passing
a 20-amp current along the needle while the vapors are flushed into
the septum with the l-cm3 volume of carrier gas stored previously
in the bellows. The needle temperature rises from -80 to 180°C
in 5 sec: it then remains at 180°C for the next 5 sec. Injection
of helium gas from the bellows starts simultaneously with the
heating of the needle and continues for 10 sec. During this
interval, the helium from the bellows carries the vaporized sample
into the septum while the normal carrier gas flow at 60 cm3/min
continues.

The injection system was tested on a large number of various
samples, and it was found to produce reproducible and practically
quantitative injections, with 95 to 98% of the sample introduced
into the septum in one injection.

11T RESEARCH INSTITUTE
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3.4 Calibration Apparatus

Calibration of the gas chromatographic readout for known
compounds is relatively simple. To calibrate for any component
of the vapor. the component must first be identified and ohtained
in a pure state from a commercial or a synthetic supply.* An
airflow system (Figure 6) is set up in which breathing-quality
air from a commercial pressurized tank is passed through an
aerosol filter (A) of a material such as Teflon, a flowmeter (B),
and a freshly activated carbon bed (C) cooled in a dry ice-propanol
mixture (D) at its exit end. These precautions remove organic
impurities from the air. The purified air is warmed to room
temperature. It flows through a 2-liter three-neck flask (E),
mounted with the necks facing downward, into a clean fluidized
bed trap (F}. One neck of the flask is connected to an upright
small cylinder (G) with a small amocunt of pure component on its
closed hottom. The cylinder is thermostated either at or below
the temperature of the flask.

The amount of component that diffuses into the airstream in
the flask depends on the vapor pressure of the component and the
diffusion coefficient of the component in air. The diffusion rate
can be approximately calculated from these values and from the
cross section and the length of the gaseous diffucsion path
formed by the cylinder volume above the component sample. The
amount 1s also directly measurable by experimentally determining
*he weight loss of component over a longer period of time.

With a controlled and known airflow rate through the flask
and the sampler. the molecular concentration of the component in
the air flowing through the sampler can be calculated. For
instance, during calibration for n-butanol the scurce intensity

*For unknhown components, thelir approximate concentration in air can
be calculated 1f analysis is conducted using Apiezon L column, and
the flame 1onization detector 's sensitivity is known:; the gas
chromatographic position gives the retention volume which can be
recalculated to ambient tmperature using Kovats Index system.
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was 6 x 1015 molecules/sec and the airflow was 750 cm3/sec. The
concentration of n-butanol in the calibration stream was therefore
8 x 1012 molecules/cma. In a typical calibration this concentration
of n-Lutanol in air resulted in an n-butanol peak with an area
of 220 cm® at a sensitivity of 0.1 x 1 (the highest sensitivity
setting on the chromatograph). This calibration procedure ties
the concentration of a component in air directly to the size of
the peak on the chromatogram 1f a standardiced sampler and
standardized sample-handling procedures are used. In the above
case, 1 cm2 of peak area at 0.1 x 1 sensitivity corresponds to
3.6 x 1010 molecules per cubic centimeter of air, and, since
smaller peaks are detectable, the detection limit is somewhat
lower than parts per billion by volume,

The factor relating the peak area to the concentration in
air depends on the partition coefficient, k, for the component i

in Apiezon L versus air: k; = (nc)‘/(na)l with n  for concentration
i

in air, It is possible to estimate the value of this coefficient
from the amount of Apiezon L in the sampler. the estimated sample
transfer efficiency during transfer from the sampler to the gas
chromatograph in the standardized l-hr elution procedure, and

the knowledge (obtained by direct calibration) of the absolute

number of molecules corresponding to 1 cm2

cf the peak area. For
n-butanol in Apiezon L at room temperature, the partition coefficient
was 4000. Therefore the described procedure corresponds to a
concentration of n-butanol that 1s 4000-fold greater than that in
air, and the analysis 1is equivalent to a one--shot injection of
n-butanol contained in 4 liters of air.

If the molecular weight of Apiezon L is approximately 1000,
the activity ccefficient for n-butanol in this medium is, very
approximately, 3. For larger polar molecules and for smaller
but less-polar molecules, lower activity coefficients and
correspondingly higher partition coefficients are expected.

Table I shows calibration data for some polar and relatively
small molecules for which Apiezon L is a poor concentrating medium.
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Nevertheless, satisfactory collection is obtained even for these
vapors. For the less volatile substances, a higher relative
sensitivity is expected since the partition coefficient

increases with decrease of the vapor pressure. Similarly. higher
enrichment will ocecur with other, lesc polar vapors. When a
vapor source 1s enclosed in a stream of air flowing at a known
rate through the enclosure and then through the sampler, the
total source strength can be calculated. For example, the rate
of buta 1 production from a human subject was found in one case
to reach 1033 molecules/sec.

3.5 Field Sampling Apparatus

For the collection of vapors emitted by humans enclosed in
the glass cell (cf. Section 3.1) the fluidized bed sampler was
placed at the air exit from the cell. It was possible to place
two or three collectors in series and collect several comparable
samples simultaneously.

For sampling in open environments, a. apparatus shown in
Figure 7 was used. It concisted of a 12-volt automobile type
vacuum cleaner driven by a portable (airplane type) l2-volt
battery. The cleaner pulled the air through the fluidized bed
sampler. Provisions were available for water circulation through
a glass jacket integral with the sampler, to maintain desired
(room temperature) temperature level if the outside air was too
cold or too warm. Since fluidized beds act as very efficient
heat transfer media, additional pre-thermostatting of air
before entrance into the sampler would be necessary if ambient
tcmperature extremes were encountered. In the present work,
environment temperatures were selected so as to avoid such
extremes and simplify the collection and calculations.
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3.6  Gas Chromatographic_Technigue

iens

3.6.1 Packed Columns

The primary objective of the initial phase of the
experimental work was the acquisiticon of a set of gas chromato-
graphic patterns of human chemical signatures from subjects of
various races and sexes as well as from different environments
under simple and reproducibkle analytical conditions. For this
purpcse, a packed analytical column was selected and the analyses
were performed under isothermal conditions at a moderate
temperature. The selected column was 10-ft long and 1/8-in O.D.
coiled stainless steel tubing packed with 20% Carbowax 20M
supported on acid-washed 60/80 mesh Chromosorb P. During each
signature analysis. the column was kept at 125°C in the air oven
of the dual-channel Aerograph model 204 gas chromatograph. The
selection of a packed column was based mainly on 1its relatively
high stability or low rate of secondary aging - a favorable
condition for minimizing the effect of column age on its analytical
performence. The i1sothermal analytical conditions were chosen with
some sacrifice on comporient resclution, to maintailn maximum
retention time reproducikility for each component of a complex
mixture analyzed.

In the later stage of this investigation, two pacKked Apliezon L
columns were alsc used in the three-~column apparatus described
below. 1In this apparatus, the packed columns were attached to
one branch of the splitter connected to the outlet of a 200-ft
open tukular Carbowax 20M column. The packed cclumns were
selected to minimize the change in Apiezon L polarity due to the
effluent impurities from the Carhowax column.

3.6.2 High-Resoluticn Column

I order to gain a deeper 1nsight intc the actual
complexity of human chemical signatures, modern high separsating

power and high analytical speed columns were chosen and used in a
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single column, a two-column, and a three-column gas chromatographic
systems. The selected columns included a 50-ft, 0.020-in I.D.

open tubular Carbowax 20M column, a 200-ft, 0.020-in I.D. open
tukular Carpowax 20M column, a 50-ft, 0.020-in I.D. open tubular
Apiezon L column and another 200-ft, 0.020 1.D. upen tubular
Carbowax 20M column, all support-coated.

The 50-ft Carkowax 20M column was used in combination with a
mass spectrograph to help resolve human signature components in
the attempts directed toward their identification.

The 200-ft Carbowax 20M cclumn was used in combination with
the 50-ft Apiezon L column in the two-column apparatus. The
apparatus was designed to provide a primary resolution of sample
components 1in the polar phase and a secondary resolution of the
indivicdual Carbowax 20M peaks in the non-polar phase. The two-
column apparatus was used in characterization of chemical signature
components oktained from the same Caucasian female. The apparatus
is descriked in the following section of this report.

The second 200-ftr Carbowax 20M column was incorporated into
the three-column apparatus. In this arrangement, the split outlet
of the long open tubular column was connected to two parallel
short packed Apiezon L columns. The system was designed to
produce simultaneously entire signature patterns in polar and
non-polar phases and correlate the patterns by means of a specifi-
cally written computerized peak-matching procedure. The system
was employed in the investigation of several signatures collected
from a Caucasian female who also was the signature donor for the
study performed on the two-column apparatus. The description of

the system is given hkelow.

3.6.3 Two-Column Apparatus

The modern high-resolution gas chromatographic columns
provicde a spectacular resoclution of complex mixtures: however,
many components still remain unresolved and they may be represented

by single peaks. The two-column apparatus was designed and
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constructed to effect resolution of such multi-component peaks
and to provide data useful in characterization of the structure
of the resolveéd components.

The two-column apparatus includes a 200-ft open tubular
Carbowax 20M column (0.020-in I.D.), a 50-ft open tubular
Apiezon L coluwn (0.020-in I.D.}, a 50-ft dummy column, a 3-way
solenoid valve, two hydrogen flame ionization detectors and two
sniffing ports. A schematic diagram cf the arrangement of the
apparatus is shown in Figure 8.

In dual column analyses, the Carbowax 20M column provides the
primary sample resoiution. The effluent from this column is
split 1:1, and subsequently all cor any part of the split effluent
may be directed onto the Apiezon L column for secondary resolution.
The peak switching step is effected by means of the solenoid valve.
During this step, a switching blip appears on the chromatogram
which denotes exactly the portion of the Carbowax 20M chromatogram
transferred onto the Apiezon L column. Both analytical columns
and the dummy column are provided with 10 cc/min helium flow. The
5 cc/min portion of the Carbowax 20M effluent is supplemented witn
35 cc/min of helium and resplit, providing 20 cc/min flow *to a
flame detector and a sniffing port. The other 5 cc/min fiow from
the Carbowax column is mixed with 5 cc/min of helium and the total
10 ce/min is directed to either the Apiezon L column or the dummy
column. At the exit of the Apiezon L column 30 cc/min of helium
is added to the 10 cc/min flow and the total is again split so
that 20 cc/min flows to the second detector and 20 cc/min to the
second sniffing port. Approximately equal concentrations of sample
reach the two sniffing ports: this permits a comparison of relative
odor intensities when needed.

A segment of a typical gas chromatogram obtained in the dual-
column analysis of a human chemical signature is shown in Figure 9.
The upper portion of the figure represents peaks obtained on
Carbowax 20M column: the peaks marked with asterisks were injected
on Apiezon L column. The lower portion of the figure shows the

I'T RESEARCH IMSTITUTE

17




components of the injected peaks which were resolved on Apiezon L
column.

The proper utilization of the two-column apparatus requires
a knowledge of the retention dispersion characteristics for

non-polar compounds as well as for selected polar compounds in

Apiezon L stationary phase. The n-alkanes are expected to exhibit

maximum retention on Apiezon L and the n-alcohols the minimum
retardation. Other functional groups such as aldehydes and

ketones are expected to fall between the retention times shown

by the alkanes and the alcohols. The information on the retention

behavior of selected compounds was acquired in a series of
calibration experiments. In these experiments, the n-alkane
series included C8’ ClO' Cll' ClZ’ Cl3' Cl4’ and C15 hydrocarbons,
the alcohols were represented by ethanol, l-propanol, l-butanol
and l-pentanol:; the aldehydes included propionaldehyde,
kutyraldehyde, hexanal, heptanal, and octanal: the kKetone series
embraced 2-butanone, 3-pentancone, 2-heptancone. and 2-octanone.
The calikbration experiments were performed under the same
operating conditions and temperature (125°C) as used in the
analysis of human samples. The Carbowax column effluent was
allowed to flow continucusly onto the Apiezon L column. For
n-alkanes studied the experimental data were first expressed in
terms of the respective elution times from both liquid phases;
these data guided the experiments on human samples by providing
the maximum time intervals required for a complete elution and
display of all components of a given Carbowax 20M peak which was
injected onto the Apiezon L column. The n-alkane data were then
converted to corrected retention times and these were used in the
construction of calibration curves needed in the characterization
of components of human chemical signatures in terms of their
respective Kovats Indexes on both stationary phases. The
calibration data on n-alkanes are given in Table II.

The calibration data on polar compounds were first converted
to respective corrected retention times. These retention times
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were utilized in determining Kovats Retention Indexes for the
selected compounds from previously obtained n-alkane calibration
curves. The retention indexes were determined in Carbowax 20M
and apiezon L stationary phases. The respective Kovats

Indexes were then employed in the construction of calibration
curves for polar compounds which were displayed in the chemical
logic field. These curves together with those constructed for
other compounds from pertinent literature data served in the
description of the structure of components of the human chemical
signatures studied. The calibration data on polar compounds

are summarized in Table III.

In order to minimize the inherent differences in composition
of chemical signatures of different individuals, the collection
experiments in this part of the work were limited to one subject and
performed in a period of a few days. The selected subject was
a young Caucasian female of high hygienic standards. During the
experimental period, the subject was on an average diet. A
total of four collections was made. In one collection, three
fluidized Apiezon L beds were employed in series and two beds
in series were used in each of the other collections. In the
three-ked experiment, ten Carbowax 20M peaks were injected onto
the Apiezon L column; in the remaining collections, eight, four,
and three multi-component Carbowax 20M peaks were examined.

The examination was performed with the two-column system kept

at 125°C. The peaks observed on Apiezon L column and originating
from the respective Carbowax wpeaks were described in terms of
Kovats Retention Indexes and the data were plotted in two-
dimensional (polar versus non-polar) chemical logic field to
produce a tentative description of the structure of the components
studied.

3.6.4_ Three-Column Apparatus

The three-column gas chromatographic system was constructed
to provide a detalled two-coordinate description {polar and non-
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polar) of sample components from one single analytical run without

[P

the need for peak trapping and reinjection. The system is
schematicall v depicted in Figure 10. The e¢ssential components of
! j the system include a 200-ft open tubular Carbowax 20M column, a

E 6. ft x 1/B-1n packed Apiezon L column, a 4-ft x 1/8-in packed
Apirezon L column, and three flame i1onization detectors. The
outlet of the 200-ft column splits into two branches; one branch
leads to the flame 1onization detector, the other branch to two
parallel Apiezon L columns. The outlet of each Apiezon L column
connects to a flame ionization detector. Helium gas is delivered
to the system from two independent flow trains. One train supplies
the Carbowax 20M column with the flow rate of Scc/min, the other
train delivers helium to the Apiezon L columns: the flow rates are
40cc/min and 50cc/min in the long and the short columns
respectively. The flame ionization detector residing at the

outlet of the Carbowax column 1s supnlemented with auxiliary
helium.

Tne long. oper ~tubular Carbowax 20M column is used to provide

EY .
A
3
g
=
k.
3
=Y

the 1nitial optimun sample separation. The separated sample com-

L

ponents split i1nto three fractions: two fractions simultaneously
enter bhoth Apilezon L columns; while, also at the same instant, the
third fraction 1s detected by the detector attached to the Carbowax
column. The Apiezon L columns are used to obtain the retention
behavior for each sample component on a non-polar phase. The
parallel arrangement of these columns and the combination of
different lengths and carrier gas flow rates provide characteristic
ratios of retention times which are useful in the subsequent peak
matching procedure.

Each component of the sample 1s represented by three gas
chromatographic peaks which emerge wlth characteristic sequence

and elution tames. The first peak appears on the detector receiving

e

the signals from the Carbowax column., the second 1s eluted from the
short Apiezon L column and the third from the long Apiezon L column.
An example of a typical gas chromatogram (only a segment is given)
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here) of a human chemical signature analyzed on three- column
apparatus 1s given 1n Figure 1ll. 1In order to extract useful
information, the system 1s calibrated with various homologous
series of compounds

In a typiral calibration run a mixture of homologs and
selected alkanes 1s 1njected i1nto the system and analyzed at
constant temperature For each component of the mixture the
characteristic elution times from all three columns are m “ed
and converted to corrected retention data The conversic
requires the knowledge of retention characteristics for me -
This 1s obtained under similar analytical conditions by 1ncorpor-
ating the component 1nto the sample or analyzing methane before
injecting the sample into the mixture

The corrected retention data are used 1n the establishing of
the peak shifts which occur on the Apiezon L columns These
shifts are given as the ratiocs of the corrected retention time
for each component on the long Apiezon L column and the short
Apiezon L columm The value of these ratios wlich was found to
be constant for all compounds studied 1s used i1n the peak matching
procedure i1n the interpretation of the unknown samples. The
corrected retention data are also utilized in the computation of
the Kovats Retention Indexes for the components of homologous
serles 1n the two stationary phases employed. The retention
1ndexes serve to construct calibration curves which are displayed
1n a chemical logic field for final characterization of components
of actual samples

The results of experiments on calibration of the three column
apparatus are summarized in Takles IV to X. The data on
calibration performed using n-alkanes with the three column
system kept at 90°C 120°C and 150°C are given 1n Tables IV to
VII.

It 1s noted that the ratios of the corrected retention times
observed on Aplezon L column for all compounds studied are

practically constant and temperature independent The average
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value of these ratios was used in the computerized indexing of the
human chemical signature components.

The results of calibration experiments carried out with polar
compounds are summarized in Tables VIII to X. The ratios of the
corrected retention times on Apiezon L columns for all compounds
studied are also constant and temperature independent. The elution
data listed 1n these tables were used 1n the three-point match
procedure designed to inspect the three gas chromatographic records
for the presence of such compounds in human chemical signatures.

3.6.5 _Calibration for Conversion to Kovats Indexegs

The i1nitial series of gas chromatographic patterns of

human chemical signatures was acquired without calibrating the
analytical system with 2 synthetic mixture of n-alkanes. In nrder
to evaluate the daily instrumental variations affecting the
positions of the signature components in their respective patterns
and to assign Kovats Indexes to those components, a set of two peaks
always observed in each pattern was selected and used as pattern
“internal standard". One of the selected peaks emerged in the
initial section of the patterns with an average retention time of
2.80 + 0.09 min. (corresponding to n-butanol), the other peak was
observed in the final section of the patterns with an average
retention time of 27.84 + 0.47 min. The results of the retention
time standardization for the initial series of the chemical signature
patterns were then correlated with those obtained in the second
series of patterns which were standardized with a synthetic mixture
containing hexane. octane, decane. dodecane. tetradecane, hexadecane,
and l-butanol. The correlation facilitated the assignment of the
statistical pattern analyses of both series of patterns and
provided data needed in the computation of Kovats Indexes for all
pattern components.

The Kovats retention indexes were computed for each component of
the signatures by using the following equation:

log (tra/trx)

I(A) = 100 + (y-x) + (100 - x)

log (try/trx)
T RESEARCH INSTITUTE
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where
I{A) = retention index of compound A
tya = retention time of compound A
tyxy = retention time of n-alkane CyHox + 2
tyy = retention time of n alkane CyHpy + 2

For most of the components the calculations were made by
interpolating for

Yrx  ‘ra try

Only a few values were oObtained by extrapolation. To satisfactorily
determine the absolute retention values needed 1n the computation

of the Kovats Indexes. 1t 1s hecessary to know the gas hold-up

time of the cclumn under standardized analytical conditions. Since
1t 1s 1mpossible to measure this value 1f the detector is

insensible to 1nert gases the retention time for methane 1s

usually teken as equal to the gas hold-up time. The value was
measured (0 31 min) and used to correct the retention times of the
components Of the human signature and synthetic mixture

The patterns of human signatures were then compared with those
of various environments and Kovats Index ranges for Carbowax 20M
peaks were selected which were most significant for discrimination
of humans and environments.

In order to obtain a more precise characterization of the most
significant components of signatures. & systematization process was
introduced to treat the data obtained on the high-resolution two-
column apparatus. The principle underlying the process 1s
1llustrated i1n Figure 12.

The X-.axis 1s the Kovats Index scale for retention in the
Carbowax 20M column. The Y-axis 1s the delay. in minutes. in the
Apiezon L (second stage) column. after correction for hold-up time
which was obtained by calibration with methane. The Kovats Index
scale that corresponds to these delays in shown on the right. The
upper diagonal line represents the delay for the n-alkanes and
other non-polar saturated hydrocarbons This 1s then the maximum

delay which a component with a given Kovats Index in Carhbowax 20M can
11T RESEARCH INSTITUTE
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experience in the non-polar Apiezon L column. If the compound
is somewhat polar, or possesses double bonds, it will be delayed
less and its point in the two-index field of Figure 12 will be
lower. The zones where varicus types of compounds reside. on
the basis ¢© literature data. are 1ndicated. Straight chain
alcohols are the most polar of the compounds considered here
(the glycol zone is also shown) and are located on a straight
line. This is drawn using ocur own experimental points. Points
tor some other compounds not reported in literature are also
shown.

Branched alsohols, or alcohols with OH groups not on the
terminal carkon atom lie above the n-alcohol line, but short of
the carbonyl compound zone. Double bonds e.g.. in the alcohols,
bring the points to a zone somewhat below the non-double bond
compounds of the same type. Notice that the point for n-butanol
lies in the alcohol zone of the continuation of the line formed
by higher n-alcohols and at the same horizontal and vertical
distance from hexanol. In this particular case, only a rather
unusual compound (e.qg., some carbonyl compound with more than one
double bond) has an outside chance to produce a point that might
be confused with n-butanol.

A set of calibration compounds was selected to permit
frequent calibration of a plot of Figurel?2 for several homologous
series. This is desired to increase precision and reliability,
since although the plot as it is represented appears to be
reliable within *+ 10 K.I. units, the actual columns used can
differ slightly from the performance of columns on the bé iis of
which Figure 12 was drawn. The causes for difference are slight
differences in the average melecular weight of Apiezon L, slight
oxidation., contribution of adsorption at column walls, etc.

3.7 __Mass Spectrograpnic _Identification Attempts

Various attempts were made to identify components of human
chemical signature by mass spectrography. The initial experiments
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were performed on signatures collected from a Caucasian male and
from an Indian male. In these experiments. the packed analytical
Carbowax 20M column was connected to the Hitachi Perkin-Elmer

model RMU-6D mass spectrometer with a Watson Bieman sample
enrichment device. The column effluent with human signature
components was split so that 10cc/min entered the i1on chamber and
50ce/min the flame ionization detector. The analysis was performed
at 125°C.

Another series of experiments was designed to evaluate the
minimum amount of component needed for its positive mass
spectrographic identification to collect larger human samples and
to improve its resolution. For this purpose, 100-g Apiezen L
fluidized bed was constructed and tested in an experiment on
signature collection from an Indian male. To improve the
component resolution ané to facilitate the interpretation of
mass spectrographic data, a S0-ft x 0.020-in I.D. support-coated
open tubular column with Carbowax 20M as the liquid phase was
employed. The column effluent was fed directly into the ion
chamber at the rate of 10cc/min. During the analysis, the column
temperature was programmed at 2°/min from 60-180°C. The peaks
were detected on picnoammeter and timed from the instant of
sample injection to the appearance of the maximum current for
each peak investigated. 1In experiments with standard-size beds,
each mass spectrographic analy=i:s was preceeded by gas chromato-
graphic analysis of human sample collected from the same individual.
This was effected by collecting samples on several beds in series.
The samples were collected from a young Caucasian female.

The minimum amount of compound needed for positive mass
spectrographic identification was estimated with a mixture of
l-butanol and heptanal. For this purpose, various aliquots of
the mixture were analyzed under the same conditions as used for
human sample. The aliquots were selected to match major and
medium size peaks obtained from human sample. In each case,
attempts were made to identify the selected compounds by mass
spectrography.
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As the gas chromatographic data on chemical signatures of
hunans obtained by the fluidized bed collector technique began
to accumulate, it became evident that the composition of the

QR Ll oo ot i

organic vapors from humans varled significantly from individual
to individual. Visual inspection of the chromatograms from =
males and females did not 1ndicate obvious common patterning
(except e.qg., such as a peak in that location where n-butanol
should occur) nor obvious group differences. At that stage of

.lhu\l\“]... it .‘IA‘,‘l‘,u o

work, patterns consisted of 32 to 48 peaks:; the sizes of the peaks
in the same gas chromatographic location varied within a wide :
range from individual to individual, and a comparison of any two
gas chromatograms indicated that always a fraction of peaks could
be approximately matched with respect to their positions on the
gas chromatograms, while others would not match.

The factors that could explain these experimental findings

were several. Some did not become apparent until high-resolution

ool Lk Rt LRI i iy

two-column gas chromatography was emplcyed toward the end of
the project work: higher resolution chromatography =
indicated that 60 to 100 peaks could be observed, and the two- ,
column apparatuvs (Section 3.6.3) demonstrated that most of these

still could be further resolved into 2 to 10 peaks, each corres-

ponding to at least one organic component. Hence, the 32 to 48 B
peaks observed in analysis in packed column (Section 3.6.1) each
corresponded to mixtures of several components, close in theirc
retention times, and the position of the compound peak would be
expected to shift as the proportion of the comnponents in the
compound peak would change from the individual to individual.

Other causes of the peak position shifts may be the usual
experimental fluctuations in the retention times, and the presence
of some water in the samples. The amount of water in each irnjected
sample was estimated at a few miligrams. The hydrogen flame
ionization detector will not respond to water vapor to a significant
extent, but in the Carbowax 20M analytical column the water, while
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passing throuah the column, can temporarily increase the polarity

of this stationary phase and car for short time intervals,

0.l -—v'

influence the rate of migration of the components through the

column. The retention times of the less polar components will
slightly decrease while those cof the polar components will increase.

Because of the large var.ety of the gas chromatographic features

observed, 1t hecame necessary to develop criteria for selection of
;i - those features that would be most significant for identification

‘i i and classification of human chemical signatures. At this juncture.
a series of statistical pattern analysis methods we: e applied.

In the present section, the reasons for use of the different
methods will be briefly outlined: the procedures and the results

are discussed 1in Section 4.2 and :1ts subsections.

Procedure A

Various similarity 1ndexes have lbeen proposed in literature
-- for comparisons of patterns or stimuli. In general. the indexes
o attempt to compare the extent of those features which are similar
with those which are dissimilar, or with the total input of

features. The crucial part of the procedure is the decision making

on the correspondence of features. 1In the case ot the gas
chromatographic patterns. the positions of the peaks in two gas
chromatograms may either match, or mismatch to varying degrees.

The decision must be made as to how much mismatch can be allowed

Lt
.

|

! " while still considering that one deals with the same feature in

' both gas chromatograms. A computer program was developed. desigrated R
I GASCHR to compare each peak in each chromatogram with peaks in the

. other gas chromatograms with prescribed values of tolerance

matching requires certain positive or negative strain 1f the match
is not exac+., andé the total algebruic sum uf the strain over those

-

} §_ (typically 4 percent in retention time) in mismatch. The peak

|

! peaks which sere matched was calculated and printed out. Usually,
4

—
¢

when approximately the same numbers ancd amounts of the negative

1
]

were required, the sum would not differ too much from zero. Some
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peaks were matchable, within the prescribed tolerances, to two
peaks 1n the other gas chromatogran.

The peak matching genercted, for each pair of patterns. a
basis for calculating the various szimilarity indexes:

Tanimoto Index*. This similarity index is +1 when the two
patterns match exactly. and zero when the patterns do not match
at all (wherever there 1s a peak 1n one pattern. there is none
in the other).

The Tanimoto index is calculated as follows: After matching
the two patterns within some prescribed tolerance limits (e.g..
in cne variant of our program, peaks whose retention times in the
two patterns differed less than by 4 percent were considered
matched and forming an "identical pair"; 1f one peak 1n one pattern
had several candidate matching peaks, within the chosen tolerance
limit, in the other pattern, the peak which matched best was chosen
as the partner of the matching pair). sets of peak pairs are taken
to describe the correspondence between the patterns. Those peaks
of the first pattern which had no match in the second pattern, or
1in reverse, formed pairs in which one partner was zero. The
Tanimoto index ST 15 the ratio of the sum of the smaller par: . ers
of the pairs divided by the sum of the larger partners of the pairs.
A derivative measure of the =imilarity is Tanimoto "distance”
Letween the parterns

. = ~1n, 5

Dr 2 T

*Rogers, D.J. and Tanimoto, T7.7.. "A Computer Program for
Classifying Plants,'" Science 132, 1115, 1960.

Tanimoto, T.T., "Nonlinear Model for a Compater-hssisted
Medical Diragnostics Procedure.," Trans. N.Y. Acad. Sci. Ser.
2, 23, 576, 196l.

Tanimoto, T.T., "A Class cf Exponential Distributions and
thelr Associated Minkowski Geometries,” Notices Am. Math.
Soc. 8, 432, 1961.

Ornstein, L.. "Computer Learning and the Scientific Method:

A Proposed Solution to the Informational Theoretical Problem
of Meaning,'" J. Mt. Sinai Hosp. 32, 437, 1965.
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It is zero when the patterns are identical, and infinite when
the patterns completely mismatch. One of the advantages of this
index is its ease of computation and a lack of bias in favor of
large differences in one or a few features such as exist in the
similarity index~s using quadratic terms. Since the large
differences in a few features cannot a priori be assumed
significant in pattern classification, it is undesirable to

overemphasize their influence in forming the similarity index.

Ekman's Index. Mathematically, it is a simple function of

Tanimoto index, but it is closer to the psychophysical concept

of similarity presumably operative in the comparison of two

stimuli by humans and developed independently of Tanimoto. Ekman
angd Eisler* consider that the similarity concept follows a
process that is mathematically equivalent to taking the sum of
those parts of attributes common to both stimuli (here we
consider patterns as "stimuli') and dividing this sum by the sum
of both full stimuli. Thus, Ekman's similarity index for two

lengths A and B is:
S. = A + A
A + B

where

7

I }
! '
) i
[} [}
' '
I 1
! !
Vi Y
‘ v

B
This simple concept apparently suffices for reasonably good
stimuli recognition by human senses.
Taking then, a bionic approach, we adapted Ekman's concept
for the comparison of two patterns through the following procedure:

*G. Ekman, "Some Aspects of Psychophysical Research in Sensory
Communications."” Rosenlith, ed., MIT Press, 1961, n. 35,
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1. Each pattern is first normalized within itself.

2. ‘"Corresponding" peaks within both patterns are indexed
by using the 4% rule. This leaves surplus peaks in both
patterns. The result is a set of pairs of attributes.
For those peaks that have no corresponding peak in the
other pattern, the corresponding peak has zero intensity.

3. The normalized intensities of each pair of corresponding
pedks are written side by side.

4, The smallest sides of eacr of the ccrresponding peaks are
addcd: the sum is multiriied Ly two.

5. All normalized intensities for both patterns are added.

6. The result of step 4 is divided by that of step 5, and
gives Sg (Zkman's similarity index). It will be small
(approaching zero) if the similarity is small; it will be
+1 for exactly similar patterns.

7. The similarity index, Sy, is converted to a distance
value by taking -logy Sg. For identical patterns, the
"distance" is zero. For highly dissimilar patterns., the
distance. DE, is a positive number exceeding 1., 2, or
mcre.

Correlation Coefficient.

This is the well-known classical measure 0f correlation between
two sets of observations, or, in the case of pattern comparisons,
of two patterns at a time, aligned sc that the peaks match in their
retention times within some prescribed tolerance limits.

The classical correlation coefficient (very related = +1):
unrelated = 0: oppositely related = -1) also gives intuitively
correct values for distances between points in the correlation
space, but is more difficult to compute. Also, it can give a
value of +1 for patterns in which additive and multiplicative
differences compensate, while patterns are intuitively dissimilar.

In the statistical experiments with the similarity indexes,
additional variations were: Tsnimotc index averaged over peaks,
Ekman index summed over and divided by the number of pairs. To
minimize the influence of the quadratics of the correlation
coefficient, a correlation coefficient applied to normalized area
X transformed logarithmically

y = log (x + 0.02)
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was included, in addition to the correlation coefficient applied
directly to the normalized areas*.

The rationale kehind the study of the similarity indexes was
the possibility of developing a taxonomy (classification) of the
pattcerns. If & third pattern has high similarity index to each
of the two patterns which also have a high similarity 1ndex,
these three belong to the same class. Otherwise, a new class can
be set up and each next pattern tested for belonging to one or
the other class etc. Classes can also branch, cf. Figure 1l3.
Here pattern A has some similarity to B (2 of 5 features match,

Sp 0.4), C has more similarity to B (3 of 5 features match,

ST 0.6) but A and C are completely dissimilar (none of the
features match)**. Thus interrelation bketween classes can be
gradually developed, and basically must use non-Euclidian spaces
for hypergeometric representations (in Euclidian space, if A is
close to B and C is close to B, A and B cannot be infinitely far
apart).

Although the taxonomy developmnent using similarity indexes
indicated that vapors from similar sources in average tended to
produce patterns with higher similarity indexes, the indexes per se
were low indicating that much extraneous noise (non-essential
features) interfered with the classifications. Therefore other
methods were applied.

In this procedure, a more mechanical approach was taken tc
reduce tne patterns to a definite number of variakles to which

*During this stage of work, the normalized areas were taken as
the areas divided by the mean area of peaks in the particular
pattern. In later work, seconé part of Procedure D, the
normalization was by dividing the peak areas by the total area
of all peaks in the respective pattern.

**Tanimoto distance between Tanimoto units B and C is

-ln2 (0.6) = 0.73.
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then stepwise discriminant analysis prograw was epplied. The
chromatograms {initially in terms of retention times normalized
to n-butanol, later in terms of Kovats Indexes) were divided into
ranges of equal width, (or percentage width), disregarding the

initial and the last portion of the gas chromatograms. Peaks with

the position of the peak in the particular interval were considered

to be, with their full area totally in this interval. If several
peaks occurred in the same range., their areas were summned and the
sum became the intensity coefficient for this range in the
respective gas chromatogram. Thus, a "variable" was the total
content of organic substances eluted during the particular range,
with peaks in this range. By increasing the width of the ranges,
the number of range boundaries could be decreased, reducing the
number of cases when the same substance eluted close to the
boundary could occur in one or the adjoining cell.

After reduction of the chromatograms to a set of rumker ol
variables stepwise discriminant analysis was conducted, using
BMDO7M Stepwise Discriminant Analysis Computer Program, Version
cf Septemker 1, 1965, Health Sciences Computing Facility,
University of California, Los Angeles.

instead of selecting the variables by mechanical subdivision into
ranges, a histogram study was conducted to find those gas
chromatographic locations (in terms of Kovats Indexes) 1in which
peaks most frequently occurred in the chemical rignatures of
humans. The variables were then formed by putting the center of
the range at the maximum frequency point and allowing * 10 Kovats
Index units as an estimated tolerance for the two boundaries of
the same range. Thus, in this procedure., the variables were
histogram-guided ranges, not necessarily with common boundaries
scattered throughout the gas chromatograms. Again, areas of all

peaks with the apex in the range formed the intensity value for
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the particular variable.

Procedure D

This procedure was a further development of the Procedure C,
and differed simply by introduction, into the stepwise discriminant
analysis, of the '"non-peak" ranges, between the ranges where peaks
were freguently observed in humans.

The above various procedures were applied to all peaks, or,
in some trials, only to peaks within certain peak size classes,
(e.g., only large peaks, above certain size, etc.)

The stepwise discriminant analysis looks for those features =
which are most significant in discriminating two or more groups
of patterns, and forms discriminant functions which are linear
equations of the form:

X=a, V, + a + e

touy Guyg g @GNy By S OB - o

x Vk
Here a,, a8, etc. are coefficients derived by the computer

program, while V,, Vk etc. are the gas chromatographic variables.

The V's were not taken as the direct sums of peak areas within

the particular gas chromatographic range but were logarithmic )

transforms for the corresponding areas, sO as to give more

equitable weights to large and small peaks. In the Procedure D,

the transform was, e.g.,

1132

Vag = Y 1 + log (A, + O.la ,
1112

where 34 is the "name" of the range: 1112 and 1132 are its
boundaries in terms of Kovats Indexes: Ai is the peak area of
a peak within this range, taken in terms of its area as percent

of the sum of areas of all peaks in the same pattern. If i was

the only peak in the range, the expression in the square brackets
became V34. If there were several peaks in the range, V34 was
the sum, as indicated, of the logarithmically transformed peak
areas.
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Discrimination means that a function X, or several functions
(X,¥) are found such that their values for all patterns of one
class. (e.g., humans) are distinctly different from the values
for another class (environments).

These functions can then be used to discriminate one group
of patterns from another. The same principle applies to
discrimination of several groups of patterns.

In the stepwise discriminant analysis the success of the
procedure can be judged by two criteria. If the number of
variables used is small compared with the number of patterns used
(much less than by a factor of 2), and function that separates
the patterns in two (or more) groups is found, the probability
that this is a vali¢ discriminant function is high. The
probability increases as the number of patterns is increased and
the number of variables needed to classify decreases.

The other criterion is more rigorous. If the discriminant
function is obtained by using only a part, e.g., one half of all
of the patterns (each pattern used fully), its validity can be
tested using the values of variables from the other half of the
patterns. If the other half of the patterns is satisfactorily
classified into its proper group, the probability 1s high that
the variables selected bv the discriminant analysis constitute

truly differentiating pattern class features.

The signature collection experiments were performed on human
subjects of both sexes and various races. Except for two middle-
age Caucacsian males, 3ll subjects were young, healthy specimens.
Before the participation in the experiments, the subjects did not
use any cosmetlc preparations except for neutral scap, and lived
on nermal mixed diets. To expose the maximum area of skin te air
flow the subjects were closed in the cleaned glass system partially
naked.

The selected human races included American Caucasian males
1T RESEARCH INSTITUTE
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and females, Indian males, American Negro subjects, and Mexican
and Malayan subjects.

The majority of the Caucasian males were students at the
Iliinois Institute of Technology in Chicago. The student group
included two pairs of brothers. The rest of the Caucasian
males comprised two chemists, cone free-lance writer and one
chemical laboratory technician.

The group of Caucasian females was composed of young office
workers employed at IIT Research Institute, house-wives and a
few high-school students. This group included z mother and her
two daughters.

The Indian group consistedé of young males born in India with
temporary residence in the United States. All members of this
group were students at the Illinois Institute of Technology in
Chicago.

The American Negro group included one young male chemist
and two young females. The male subject was a husband of one
of the females. )

The last group included a young Mexican house-wife born in
the United States and a young Malayan male. The male subject was
also a student at the Illinois Institute of Technology in Chicago.

Other sources of chemicql signatures consisted of kitchen
and laboratory air and tropical vegetation. The collection of
these signatures were performed by means of the portable sir
sampling apparatus. The kitchen air samples were obtained from

the IIT Research Institute Cafeteria kitchen:; also the laboratcry

samples and machine shop samples were taken at IITRI.

The chemical signatures from tropical vegetation were
collected in the Palm House of the Lincoln Park Conservatory in
Chicagoc. The collection environment included various types of

palm trees, such as sentry palms (Howea forsteriana):

fishtail palms, a native of India and the Malay region, (Carvota
mitig): and scattered through the underplanting of Fittonia, a
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number of ornamental palms, such as Fiji Island fan palms ]

(Eupritchardia pacifica) . silver palms (Coccothrinax _argentea) .

i and roebelen palms (Phoenix roebelem). There is also a 50-ft

fiddleleaf rubber tree (Ficus lyratas) from Africa., a tapioca

plant (Mauihot exculenta), a fig tree (Ficus carica). and the

commnon banana (Musa_sapientum). The Conservatory also houses
flowerless plants such as ferns and mosses. The temperature and

=
2
=
a2
g
3

the humidity of the Palm House environment range from 60 to B85°F
] : and from 50 to 75%, respectively.

Y
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4.0 RESULTS AND DISCUSSION

4.1 Packed Column Data

The experimental data on human chemical signatures of both
sexes and various races as well as of different environments are
tabulated in the form of copies of computer printout in Appendix 1I.

In the tabulation, each pattern is identified by the proper
number, the signature source ("subject": initials of humans)},
the date of signature collection, the total intensity and the
mean peak intensity.

The arrangement of patterns follows approximately the
chronological order of signature cocllection experiments and 1s
numbered accordingly.

The total intensity is defined as the total area, in sq. mm.,
of all gas chromatographic peaks of the particular pattern and
the mean peak intensity as the total intensity divided by the
number of peaks in the same pattern.

The data on each pattern tabulated in Appendix I includes
also consecutive numbers of peaks in the pattern, the retention
times of peaks in terms of Kovats ~ dJdexes, the peak areas in sg. mm.
(calculated to the electrometer sensitivity setting of 0.1 x 1)
and the peak normalized areas (peak area divided by the total
intensity).

The gas chromatographic patterns of the siciatures studied
reflect complex and only partially resolved mixtures. The number
of detectable components cbserved in human signature patterns
ranged from 32 to 48 with many indication for the presence of a
large number of additional unresolved peaks. The magnitude of the
collection samples ranged from 2.6 x 10“7g for an Indian male to
2.1 x 10'59 for a Caucasian male.

The total number of detectable components in the environment
chemical signatures ranged from 34 tc 46 with a strong evidencs
for the presence of many unresolved peaks. The magnitudes of the
collected samples fell within the range of 1.9 x 10-®g and
1.1 x 10-°g.
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1L onuse we undeostood that each peak in the tabulation can
represent more than one substance and is resolvable, as later
work with the two-column device showed, into several peaks when
examined in a non-polar Apiezon L column.

The peak areas are approximately proportional to the sum of
weight of the compenents represented by the peak. Table XI lists
the relative amount of area contributed per atom of the respective
element*.

Since the number of hetercatoms compared with the number of
carbon atoms in common compounds with reasonable molecular size
is small, the area of multicomponent peaks can be assumed to be
approximately proportional to the weight of material it
represents.

The peak areas in the Appendix are quoted in mmz. taken at

R‘uwiﬂlﬂmhaha#;mH‘n‘,.|',4;4‘hl|i‘|'l,.|| {TY ;

the electrometer attenuation of 0.1 x 1. For the particular

instrument, the calibration factor was approximately:

1 mm? = 0.2 x 10-12g

The peak areas represent the amount of the organic material
within the peak range injected into the chromatograph. The amount
present in the collected sample is estimated, from the
efficiencies of sample transfer and injection to be 30 percent
higher.

The concentration of the respective materials in air from
humans could be calculated only if the calibration factor
(partition coefficient) was available for the particular molecular
species: Table XII represents data on the emission rates of
n-butanol from humans. This substance formed a recognizable peak
used for internal calibration.

*Johns & Sternberg, Gas Chromatographic Detectors, in
Instrumentation in Gas Chromatography, p. 179, Krugers, ed.,
Centrex Publishing Co., Eindhoven, Holland, 1968.
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For unknown substances, very approximate caiibration is

possible provided that Kovats Index of the unknowns in Apiezon L

is known and taken to be, at room collection temperature, the
same as at elevated temperatures. The amount G of a sukstance
X collected is

G=k - m - v

Here k is the partition coefficient of the substance in
Apiezon L/Air system at the -.llection temperature (ambieni):
m is the concentration, in grams/cm3, of the substance in air,
and v is the volume of Apiezon L in the collector. A plot of
log k versus t'ie Kovats Indexes of the substances in Apiezon L
is a straight line and can be used for approximate estimates of
k:; v is known, &nd m can be calculated when G is known from the
area of the gas chromatoornphic peak. The value of XK increases

by a factor of approximeiely 2.3 per each 100 units of Kovats

Index increase. The emission from the human subject is (750 .:},

when 750 cms/sec is the rate of airflow through the glass cell
from which the human subject vapors are ccllected.

These r-marks are to indicate that in the eguilibration
sampling (fluidized bed, Section 3.2) approximate calibrations
can be cbkbtained even for unkncwn materials, from their Kovats
Index positions in Aplrezon L. Since the Apiezon L Kovats

Tndexes were ~h-ained in the two-column device (Sections 2

€.3

and 4.4) where the first column was a 200-ft open tubular

Cartowax 20M column, the areas under peak in the packed Carbowax 20M

coclumn cannot ke directly relsted to the high-resolution runs
which re ulted from the use of two-column éevice. The packed
column analyses were to assist in finding those gas

chromatographic regions where the significant features reside.

It was more important to ccncentrate adequately all organic

vapors including those with a low volatility, so that they would

ne detectakle at feasible sensitivities and to analy”e these in
Carbowax 2JM column where better peak shepes are obtained for

all polar components. including alcohols which chromatograph
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poorly on Apiezon L. The use of Carbowax 20M in the fluidized bed
collectors was not practica! . since the sample collected too much

water which then interfered with the analysis.

4.2 Pattern Classification

The various approaches to this task were discussed in Section
3.8. The otj)ective of the pattern classification was twofold:
{1} to obtain evidence that the complex chemical signatures, in
the form of gas chromatograms of vapors from humans and
environments, conteilin features useful for their identification as
to the type of their sources, and (2) to indicate those regions in
the gas chromatograms that are most significant for the source
discrimination and therefore merit first attention in further

chemical identification of the components.

4.2.1 Peak Matching _Studies

Some pattern comparisons were conducted using simple

rank order statistics on gross indexes such as the number of peaks
per chemical signature. Here three more or less homogeneous groups
of humans on which a sufficient numcer of chemical signatures were
availakle were used: 12 males from India, 25 Caucasian American
males and 23 Caucasian American fvm.ios.

The average numbers of peaks and the standard deviations in
tre numbers of peaks (in paren:'ieses) in the chromatograms submit*ed
to the peak matching procedures were as follows: Indian males 41.2
(1.8): Caucasian males 37.3 (2.5): Caucasian females 40.0 (4.2):
environments 37.0 (6.1) Wirlcoxon-White rank order test applied
to the numier of peaks per gas chromatogram as the ranking criterion
reached 99 percent confidence level (less than 0.0l probakility to
obtain such differen -es by chence) when Indian males were compared
vs Caur-sian w.ales. and wher Caucasian males were compared vs
Caucas.aon females: -he differences in the peak numbers between
Caucasian femiles and lndilan males did not reach 95 percent
confidence level.
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Further comparisons i1ncluded data inspection after peak
matching.

Most of the pattern comparizon: for the purpose of obtainlng
similarity 1ndexes were conducted after matcliing of peak:s between
two patterns at a time. allowing for g + 4 percent wolerancve of
retentilon time normalized to n-butanrol after addition of (.7
to the normalized retention time. The 0.02 term was slgnificant
only at the i1nitial time range of the gas chromatographic pattern=.

The selected matching criterion was apparently rather liberal,
since the number of peaks that could be matched within each pair
of chemical signatures taken wa: 1n excess of 80 percent of peaks
observed in each of the patterns of the pailr. To assess 1f at
this tolerance level gross differences existed tetween members of
the same group versus the numbers of the same or other groups,
seven randomly cselected patterns were choser within each of the
three groups and compared with others. The following observations
reszulted: from the average number of 37 peak: in 7 Caucasianr male
patterns, 85 percent found matches in the patternz of other
Caucazilan males: from the average number of 40.7 peaks i1n 7 Indian
male patterns, 82 percent found matche:z 1n the pattern: of
Caucaszian males: from the average number of 39.6¢ peak: in 7
Caucaz1i1an female-. %4 percent found matches 1n the patterns of
other Cauca:1an fenale:. These 1nitial observations did not
indicate existerce of gros:z differences in the match freguencies
within the group and between the groups.

The relatively high density of the coverage of the gas

chromatograms with peaks 1s one of the factors which may account

for this 1miti1al result. If the allowed match tolerance 1= too
broad, there wil’ slway= a high probability of finding a
matching peak. tolerance 13 too narrow, experimental
variability of th -.cention times for the iderntical substance

may be large enocugh to miss the tolerance limit and give "no
match" alchough actually a perfect chemical identity match

existed.
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Consequently, more elaborate pattern similarity indexes were
explored in which consideration was given not only to match
versus nonmatch in the peak positions but also to the magnitudes
of the chromatographic areas which represent the abundancies of
the components eluted i1n the respective gas chromatographic range.

The merits of two similarity measures--Tanimoto distance and
the correlation coefficient (cf. Section 3.8)--applied to patterns
matched to 4 percent tolerances were explored on a part of the data
availlable at the time when the computerized GASCHR program became
operational.

The Tanimoto distance in a non-parametric hyperspace .s zero
for two identical patterns, large for dissimilar, and infinite
for completely non-métching patterns in which no peaks in one
match the other pattern's peaks in retention times within
prescriked tolerances.

The test group cons:isted of the chemical signatures of 12
Indian males. 10 Caucasian females, and 9 environments, (2 plants,
2 lakoratories, and 5 kitchens). The results indicated that
considerakly variations occurred within each group and that very
few Tanimoto distances were below 1.0. However, the average
distances for pairs within each group and for intergroup pairs
were consistent. and patterns for humans were clustered, in
comparison to the average Tanimoto distances between chemical

signatures of humans and environments.

Indian males versus Indian males 1.561 (66 pairs)
Caucasian females versus Caucaslan females 1.817 (45 pairs)
Indian males versus Caucasian females 1.809 (120 pairs)
Indian males versus environments 2.094 (108 pairs)
Caucaslan females versus environments 2.024 (90 pairs)

This tabulation shows that (1} the Indian male group was most
consistent within itself (2) the variakility among Caucasian females
was larger and approximately as large as ketween Indian males and
Caucasian females, andéd (3) the difference between human and the
environmental chemical signatures was larger.

Correlation coefficients applied to the logarithmically
transformed peak areas after 4 percent tolerance match showed
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=1milar relation-. The large-t cohesivity occurred within the
Indian nrle aroup.

When patterns were a--1gned to human versus environment
groups by comparing the average Tanimoto distances from the
pattern 1n question to Ze humnian pattern: and to 9 envircrment
pattern: correct a--lgrnient re-ulted. Pattern assignment to
cervain group: of humans orn the -ame compari:zon ba:zl: was
1nconslstent. It wa: concluded that 1f the Taninoto distance or
a similar corncept 13 used, the number of compariscon samples should
be i1ncreased, cr zome pre-clas-ification of peaks 1nto useful
and nonuseful -hould be conducted.

The similarity i1ndexe: for patterns within the szame group
were relarively -mwall - 0.3 to 0.5, rarely reaching above 0.5.
Many mismatches 1n c12e- and appearances of spurious peaks
correzponding t¢ occasionally occurring components 1n vapors
from human: lcwer the i1ndex with the result that many Tanimoto
di-tance: were above urity and werenot good clazsifers.

Thus, rthe pattern cla:=-1tication approache:s bazed on
=imi1larity i1ndexe: d1d 1ndicate the possibility cf classification.
However . 1t was felr that discriminant analyses where the emphasis
12 n>t on the mea-ure-~ of =imilarity but on the features most
usetul 1n clas: sepatsrtions may be a more powerful tool for the
case- when the classe: to which the varicus patterns belonged
were already defined 1n term= of the vapor socurce:. Similarivy
1indexe: are more specilfically -uited for developing taxornomies
when the ob:ervation: are not easlly assignable to classes, but
class-es and subclazse: have to be uncovered i1n poorly structured
data.

Consequently. later work was concentrated primarily on using
dl=criminant analy:-1- &a- the clazsi1fication tool.

¢ Dl

)
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craminant Analyses-Arbitrary Variable-

For rthe -repwi-¢e dr-criminant analyse= (cf. Section %.8)
when the chemttcoal 1dentity of the components 1s uncertaln 1t 1ig
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necessary to subdivide the gas chromatographic patterns 1nto a
fixed number of rangesz serving as variables (vectors) ., so that
each pattern can be expressed in terms of the same number of
variablez. 1If each range contain: not more than one peak. the
intensity value for the particular variable can be the normalized
area. or some function of 1t. of the peak. Experience 1indicated
that 1f the ranges are small enough to contain either none or
very 1infrequently more than one peak, many cross-overs can occur
1r a certain range. or in the neighboring range while representing
the same component, since the positicn of a peak can shift by
several reasons (cf. Section 3.8).

Initially. 65 ranges were set up, with the width of each
range corresponding to € percent of the retention time
corresponding to the ranges lower retention time boundary: e.g.,
for the range beginning at 10.0 minutes the boundaries would be
10.0 and 10.€& minutes., respectively. This partitioning resulted
in 65 ranges. After preliminary runs, with 49 patterns available
at that time 1n which the retention times were normalized with
re:zpect to the n-butanol retention times. 21 adjoining (4 with
retantion times smaller than that of butanol and 16 with retention
times larger than that including the butanol) were selected. since
(1) the number of patterns presented for analysis must exceed the
number of variables, (2) the retention times of peaks around the
butanol peak were more reliable when relative to butanol. and
(3) preliminary analysis showed that the majority of peaks useful
for distinguishing var:ous types of humans seemed to be 1in this
iegion.

By using a correlation coefficient matrix, the statistical
process extracred successive significant varilables. beginning with
those which produce the most efficient separation between
prescr:bed groups of patterns. It continued to extract the
variables (peaks) 1n order of their decreasing significance. After
each variable had been handled for all patterns, the efficiency

of classification bazed on all peaks extracted up to this point
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Was evaluated. This process was applied to the 49 patterns
grouped in 5 groups: 20 Caucasian males, 12 Indian males, 10
caucasian females, 5 various humans of other types, and 2 tropical
plants.

To compare the efficiency of the classification process by
these logical groups, a random classification of the zame 49
patterns was also subjected to analysis. Figure 14 shows that
after classifying 13 variables, only 3 patterns, or less than
9%, were misclassified when proper groups were used and that 15
patterns, or over 30%, were misclassified in the randomized
groups. The partial classification structure in the randomized
group arises from the statistical probability that a pattern can
be assigned to the proper groups by chance and from the
presence of possible other classifiable features that can
occur in the gas chromatograms.

Subsequently, the range of the gas chromatogram included in
patterns for the stepwise discriminant analysis was expanded and
the width of each range representing separate variables was
doubled. The purpose of this change was to include more
information and reduce the probability, for the peaks close to
a range's boundary, to cross over the boundary into the adjoining
cell. The range of retention times between 0.327 and 5.73 (relative
to n-butanol) was subdivided in 21 ranges, with n-butanol being
in the 8th range. The rear boundary of each range was equal to
the front boundary'z retention time plus 0.02 plus 12 percent
of the front boundary's retention time. The intensity of the
range was equal to the sum of areas of all peaks having apexes
within the range: the actual intensity was transformed
logarithmically, with conventional linear increments, to form the
intensity vector for the discriminant analysis.

At that stage, three statistical experimsnts were conducted.
In one, discrimin .ot functions were formed using 27 human chemical
signatures and 5 chenical signatures of air from a cafeteria kitchen

area taken at different times. The separation in terms of two
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discriminant functions, X and Y, after computer use of & out of

21 variables, 13 shown in the top part of Figure 15. The derived
discriminant functions were u:zed to compute X and Y for additional
24 human chemical signatures. <“he values obtained were plotted
over the repeat plot of the top portion of Figure 15, 1n the bottom
part of Figure 15. Reasonably successful clasczification of
additional signatures was observed with 15 out of 24 falling 1nto
the '"'range circle" somewhat arbirarily drawn, and several more
closer to the center of gravity for the human patterns than to

the cooking vapor patterr center.

The second experiment is represented in Figure 1€6. Here 37
chemical signatures were classified 1n three groups: 20 Caucasian
males, 12 Indian males (students from India, mostly vegetarians) and
again 5 cooking vapor samples, using up to 14 variables.

The third experiment consisted of classifying chemical
slgnatures 1n two groups: 16 females and 35 males. The classification
after using 7 variables 1s shown in Figure 17. Thlis experiment
1= s1ignificant s1nce here only the chemical zignatures obtained
ir the gla:: cell apparatus (cf. Section 3.1) were used, and the
poss1ble question on discriminant features introduced by sampling
humans 1n the cell versus sampling environments 1n air at large
dcez not arisze.

At this stage of the work, normalization of the retention
times in termz of Kovats Indexes was introduced (cf. Section 3.6.5)
and 1\ appeared desirable to subdivide the chromatogram into Kovats
Index increments for the purpose of the stepwise discriminant
aralysis. This index is a logaraithmic function of the retention
times, hence equal 1index intervals approximate equal retention
time percentage increments.

One set of the statistical tests was conducted using arbitrary
division of the chromatogram into ranges 50 Kovats Index units wide.
Thus., 22 ranges were set up: one with K.I. below 600, then 20 ranges
each 50 units wide. ard the last range with K.I. above 16C0. ‘'this

converts each chromatogram into a set of 22 variables: the intensity
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of each variable is egual to the sum of logarithmic transforms
of all peak areas with the apexe:z 1n the given range. 7Two
discriminant analyses were conducted. OCne used three group:s:
39 males. 26 females, and 10 environments. The other used human
signatures, obtained in the gla:zs cell only, and intc 3 group::
25 Caucasian males, 12 Inditan males, and 26 Caucasian females,
63 humans in total. Tables XIII and XIV 1llustrate the succecs
of classifications, in terms of percent of pattern: properly
assigned to the correct group. Discriminant functions based on
13 variables produced more than BO percent of correct assignments
for the test containing 63 human chemical signatures. Most of
the classification was achieved at taking 5 variables only. It
canr be noted that sometimes upon 1nclusion of further varisbles
{cf. variables Nos. 3 and 4, female column Table XIII) the
percentage of correct assignments can decrease. This effect
results from compromises when optimization of group separations
leads to a larger deviation from the group center point for an
occasional case.

All these experiments conducted by mechanical separation of
gas chromatograms into range variables indicated that discriminating
features can be found and reasonably successful functions formed
after using only a fracticn of the variables, but that 5 to 15
variables may be needed to sufficiently define the chemical
signature source if the identification is based on vapor gas
chromatograms consisting of 30 to 50 peaks.

At this juncture 1t was decided to explore 1f a more
selective choice of variables (gas chromatographic ranges) can
result i1n better and more valid classifications, or help to
pinpoint, for the future gas chromatographic and mass spectro-
graphic i1dentification those narrower ranges where significart
discriminating features reside.
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4.2.3 Stepwlse Discriminant Analysis Wiln Seloctivaty
Chosen Variables

In this part of the statistical experiments, attempts
were made to use :zeveral rationales in selecting gas
chromatographlic range:s to serve as varlable: 1n the input to the
stepwise discrimirant analy:sis program. i1nstead of mechanically
dividing the entire gas chromatographic range into a set of

adjolning ranges, as was done in the work c:scribed in Section 4.2, 2.

Eistogram Procedure. Here data on the nositions of gas

chromatographic peaks expressed 1n Kovats Index units were pcoled
for all €5 patterns of humans together, or for males and females
separately and arranged in the order of increasing Kovats Index
Wherever peaks occurred freguently in the human chemical
s1gnatures. the number of peaks, e.g., per 10 Kovats Index units
was higher thar elsewhere. Figure 18 represerts the histograms
of the frequency of occurrence of peaks in Caucaslan males and
females along the Kovats Index scale.

These histograms can be considered as generzlized gas
chromatographic patterns. with the peaks indicating those ranges
where peaks of comporents most commorly occur: the peak areas
of the original gas chromatograms are not indicated by this plot,
except that only those original peaks were considered (about 2/3
of all peaks) which were larger than 40 percent of the average
area of peaks i1n the corresponding pattern. There are striking
similarities between the occurrence of peaks with the r . Kovats
Index values 1in the two generalized patterns, but also distinct
differences: for 1nstance, substance with K.I. = 1030 (asterisk)
much more frequently appears at larger relative concentration in
effluents from females than from males. The neak areas are not
considered ir the histograms.

Yore histograms were prepared using an avallable computer
program ir which the pcoled and ordered Kovats Index array 1is

scarnned. taking each peak 1 in turn and calculating the Kovats

II'T RESEARCH (NSTITUTE

48

by

i ket s A




Index interval between two peaks. the first of which is, e.g., 10

peaks before i and the second is 10 peaks after 1. Wherever this
interval is smaller, the peaks occur more frequently. An example
of a part of such printout, which is in essence reciprocal to i

oo e B B |

Figure 18, 1s shown in Figure 19. The points of minima represent
those locations on the Kovats Index scale where peaks oczcurred
mere frequently.

T T
. .
lw-mlmﬁ'

Selection of Variables. By inspection of a histogram for

] M""

the entire gas chromatographic range of 65 pooled human chemical

sigrnatures, 37 locations were found where the peaks occurred

i, sum u‘
v

? : most frequently, that is the minima in the histogram such as shown
: in Figure 19 were most pronounced. The variables were set to

center on the minima and to have a range of + 10 Kovats Index
units around the selected minima. All peaks with apexes in the
K.I. range were considered tc be fully within the range. Thus,

-..m-n»h1

the chromatograms were each converted to 37 variables; c¢f. Section

o

; i 3.8 for the intensity transformation procedure used to assign i
' the intensities to the variables. 1If the center points of two
; adjoining ranges were closer than 20 K.I. units, the boundary

between the ranges was set at the middie point between t he centers.

This selection left 15 to 20 possible high frequency-of-occurrence
ranges not included.

T The 37 ranges, called P-ranges (peak-containing) were

i adjacent at some locations, but separated by ranges in which

N SR

. peaks 1n the chemical signatures of humans were less common.
%‘ Table XV lists all types of ranges, counsequently numbered, with
indication of the range widths ard the type of range (F or non-pP).

i ! The statistical discriminant anilyses were conducted using various
3 ‘ choices of variable sets. Thus, all 37 F ranges, or 10 of P-ranges,
§ or the non-P ranges were tried: finally, 34 variables were
- selected, shown in the last column of Tabkle XV, wnhich included !
e 18 P-renges shown to be mcst discrimirating between human and ?

s environment chemical siguatures and 16 non-P ranges, also shown.

i
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armong the rnon-P ranges, to be most discriminating. The
consideration of non-P rarnges was made upon the suggestion of
personnel of the Ballistics Research Laboratory who pointed out
that the pattern discrimination should be aided by considering,
1n addition to the preserce of certain features. also the lazk
of other features.

Stepwlse Discraiminant Analyses. Selected typical experiments

are surmmarized here.
Experiment 1. Discrimiration of €5 Human from 10 Environnment
Chemical Signatures Using P-Ranges Only. Table XVI summarizes the

efficiency of claszification.

In run A, all 37 variablies were submitted:; in run B, those
ten variakles ranges were celected from the 37 ranges where the
peaks mos=t frequently occurred i1n human chemical signatures. It
1z zeer. that 1n test B, the computer needed toc use only five
ranges a: verlables to separate 91 percent of the patterns from
humans 1nto one coherent group. In test A, 94 percent coherence
was accomplished after the use of 1l ranges out fo 37, with no
1mprovement beyornd that. After the extraction of 17 variables out
of 37. the computer reported that no informatior tnat would be
statlistically useful for group separation was detectable in the
remaining 20 variables. The degree cf cohererce in classification
reached by this techrique of the selection of variables was
considerably better than that obtained by a division of the
patterns into ordere. ranges without regard for the 1inrer logic
of the patterns. On the basis of date presernted in Table XVI.
component 1dentificaticn can be centered on the most significant
ranges. It must be noted that the i1mportant ranges can include
several peaks so that a decision must be reached, by the use of
higher resolution columns, &3 to which are the important peaks

within the 1mportant range.
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Experiment 2. Discriminart Analysis of Human Ver=zus

Environiment Chemical Signature: Using P and non-P Ranges. ilere

two runs were made. In Run C, 36 human chemical signature: wetre
selected at random from €5 available zignciurez. and all 10
environment chemical =si1gnaturez; the diacrimingnt analysls was
conducted using all P-ranges only (marked P 1n the "Range Width"
column of Table XV). In Rurn D. the dizcrimirant analys:ls was
conducted using all other, non-P-ranges only. Figure 20 compares
the relative efficiency of both selecrions.

Classifications based on either set of variable:s were
eventually comparably successful. The classification based on
those Kovats Index ranges in which peaks were frequently observed
in samples from humans was more efficlent when a amaller number

of variables was utiltized.

Experiment 3. Deraivarion of Discrimirant Function Uzing

Part of Data and Test of the Function Using the Rezt of Data.

Here a new zelection of the variables (34 1n total) wa: made.
It included the most =statistically -igniiicant variables both
from the Kovats Index ranges in which peaks frequently were
observed 1n the vapor:z from human: (P-ranges) and the 1ntervals
between these ranges. The :zelected variable: are marked Ly
crozsses 1n Table XV with the P-ranges also marked with F. Two
runs were selected for the report.

In Run E, 36 human chemical signatures, randomly sele.ted
from a total of €5 available, and all 10 environment chemical
signatures were used to derive the discriminant function. Then
the same discramirant function was applied to classify the
remaining 29 human chemical signaturesz. Figure 21 shows that only
4 out of 29 or 14 percent were misclassified 1f the discrimirnant
function based on 15 variables (computer-selected from 34) was used.
The variables were, cf. Table XV, Nos. 18, 3C, 35, 37. 44, 47, 49,
54, 55, 5€, 57, 59, €1, €3, and 65.

If the discraiminant function derivation was stopped at a
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fewer than 15 variables. class separatlions were somewhat poorer:

Percent Correctly

Variables Classified 1n Testing
Included The Discraiminant Function
2 71
5 74
15 86

Ir Run F. a three-way classification was tried. The
discriminant functions X and Y were derived for chemical
s1gnatures of 265 females of several races. 22 males of several
races, and 10 environment samples, or 58 patterns in total: 15
additional male chemical si1gnatures were kept 1f the additional
males were correctly classified by the derived function.

The male group used for derivaticn consisted of 14 Caucasian

and 8 Indian males; the male grocup withheld for testing contained

ar b

an additional 11 Caucasian, 2 Negro. and 4 Indian males. The

progress of classification durrng the function derivation is

i

shown 1in Figure 22. After use of 20 variables out of 34

variables available to the computer. the statistical noise level

Al -y

was reached, with 4 females still not correctly classified.
Figure 23 shows the classification field i1n terms of two
discriminant functicns X and Y. The hollow triangles represent :

the melec chaemical cignat~~- used in derivaticn. The fillel

Wl

triangles represent the male chemical signatures used to test

the functions. Although an intrusion into the environment (“"Airs'")
chemical signatures i1cglion occurs, the test points all are far
away from the region of the field populated by the female chemical
signatures. This experiment again 1ndicates thet classifiable

features exist in the chemical signatures of males and females.

Other Statistaical Experiments. A number of other class

separations was tried, e.g.. Caucasian males versus Caucasian
females versus Indian males, and some four-and five-class *
separations. None of these was 100 percent successful, but

varying lower percentages of success were achieved.
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The pattern :stepwlisze discriminant analysis led to the
conclusior that under condltion:= where the chemical signatures
are expressed i1n terms of up to 30 variables. reasonable
classifications by the classes of sources (zex. race, humans
versus environment:) becomes po:z-1blc with usze of 2 to 20
variables. The required number depends on the =imilarity between
the sources; 1n the case of human: versus environments as few
as two to five variables suffice to <ffect 80 percent levels of
success. The derived discriminant functions held reascnably
well under tests with addrtional chemical signature patterns.

The results alsc 1ndicated those Kcvats Index ranges which
contain components most useful for the :ource discrimination and
therefore niost suitable targets for further chemical
1dertification,

4.3 _Three.Column Data

The three.column gas chromatographlc device (Section 3.-€. 4)
produces readout which can be analyzed 1in a two.fold manner.

Three.Poy

t

Match. For the compounds for which the three

|

time points ©of exit (from the 200 ft Carbowax 20M column and
subsequently thc short and the long Apirezon L columns! have been
established. an inspection of the three gas chromatographlc
recording tracks permits judgling 1f these compounds are present

1in the sample of chemical signature- As 1n any jJudgement based

on gas chromatographic retention timeés 1n several stationary
phases. there are two types of errors possible: (1) the location
cf the peak of a known compound can ce shifted bacause of other
materlals present. so that a slight non match does not rule out
the presence of the compound and (2) other compounds can produce
peaks 1n closely similar locations so that a slightly non-matching
point can be erroneously taken to represent the particular compouncé.
In the case of a three-column device. with a continuous flow of

the components through the system additional erroneous judgements
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are possitle, "Coincidence ghosts' can arise 1f & three-point
match, or rear-match, results from simultaneous bprescnce of
several corponents: one component may leave the Carbowax 20M
colvmn at the same time as the known compound. while other
components which left this column at different times can leave
the Apiezon L columns at the time points expected for the known
compound. These errors can be reduced if the known compound can
be added to a duplicate sample and the sample reanalyzed: if the
peak 1in all three points shows no indication of broedening or
splitting., the evidence that the kncwn is present in the unknown
is very considerably strengthened., while if the peak bhroadens or
splits, errors of coincidence or presence of additicnal gas
chromatographically similar components are likely.

In Kovats Index system, approximate prediction of the gas
chromatographic positions of compounds is possible from rules
operative in this system, (cf. Section 3.6.5).

Table XVII lists some three-point matches obtained by
comparisons of chemical signatures of humans with the three-.point
locations of known compounds run through the three-column device
independently.

The three-point process, if it is to be utilized either for
the components pre-identification or s a part of pattern analysis,
fTuct be studied to establish: (1) the experimental reproducibility
of the positions of the same compounds in the context of various
mixtures, (2) the probability cf occurrence of other compounds
that can produce, each completely by itself, similar sets of three
time points, and (3) the probability of coincidental production
of a similiar three-point set, by two or three different components.

Computerized Indexing. Here, peaks are matched without
reference to known compound points, except that arn n-alkane
calibretion scale 1s used to convert the readings to Kovats Indexes.
A program. GA3COL, was written for IBM 360 computer tc process the

three-column gas chromatographic data and print cut the most
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probable sets of Kovats Indexes 1in Carbowax 20M and Apiezon L for
the components i1ndicated by peaks.

Each peak emerging from Carbowax 20M column enters both
Apiezon L columns simultaneously The ratio of the corvected
retention times on the long: short Aplezon L columns 1is
approximately constant. After calculating this ratio for each
Carbowax 20M peak as the possible origin and f{or the various
combinations of Apiezon L peaks within the gas chromatographically
feasible retention tine range and spplying the ratio + tolerance
criterion, the computer prints out those peak sets that meet the
criterion, with the Kovats Index data calculated on the basis of
calibration with n-alkanes.

G Buay G mmy G N SE

-

% The ratio was explored using known compounds. Its average
- was 2.05. The c¢ritical point 1s the tolerance allowed. If the
i tolerance is too small. some components actually present in the
) sawple can exhibat ratio which because of normal experimental
? variations would ke outside the limits and would not appear 1in
v the tabulation. If the tolerance is too brecad the frequency
}’ of mathematical coincidences meeting the limits will begin to
i.

increase. On the basis of preliminary experiments tolerance of

+ 0.10 was judged reasonable. ‘the computer program can be run
with any selected tolerance.

baaming

Figure 24 1llustrates the data obtained by the computerized
analysis of the three-colusn gas chromatograms of vapors collected
from the same subject simultanecusly. The figure combines two
analyses, at 90° and 150°C. It 1indicates the utter complexity
of the composition and the possible presence of groups of
compounds i1ndicated in the upper right corner.

Later work with the two-column system (Sections 3.6.3 and
4.3) confirmed the complexity of peaks eluted from the 200-ft
Carbowax 20M column. Since the two-column data were easier to
interpret, and a more detailed study was desired in the gas
chromatographic ranges that were significant in pattern

NG PN g peeq g ey
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classification (cf. Section 4.2.2 and 4.2.3)., the work with the
three-column system was set aside in favor of that wirth the two-
column system. The limited experience with the three-column
system operated 1sothermally led to *he following observations:

(1) the system. i1n principle. can be useful for a rapid coverview
of new patterns (2) since small errors in short retention times
strongly influence the ratios of the retention times. the matching
of peaks at the beginning of the gas chromatograms. and for polar
components wlth short retention in Apiezon L throughout the
chromatogram, is less certain, so that components actually present
can be missed 1f tolerances there are set too narrow. (3) towards
the end of gas chromatograms. resclution i1ncreases to the extent
that several peak combinations can reasonably meet the matching
criterion,

It 1s evident that the ease of interpretation of the three-
column data signiticantly depends on the number of components
present in the sample and on the resolution of columns used.

Human chemical signatures exhibit complexity that limits a

straightforward interpretation of i1scthermal analyses.

4.4 _Tw

The data on tentative 1dentification of seleccted components
of human chemical signature acguired by means of two.column
apparatus are displayed in Table XVIII. The data were cerived
from the plot in Figure 25 The Carbowax 20M peaks examined by
this technigue~ werc arranged in order of increasing Kovats
Retention Indexes and numbered accordingly. The selection of
peaks to be examired wa:- based on Kovats Index Ranges isolated
by the computer program. The ranges comprised peaks with
maximum occurrence freguency in chemical signatures of all
subjects previously studied. The computer-isolated ranges
together wit.y the number of peaks observed i1n the ranges are
given 1n the second column of Takle XVIII. Except for Carkowax 20M

peaks i1 and 3, all peaks examined fall within the selected ranges:
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peak 1 preceeds the range by only 7 Kovats Index units and peak
3 by 12 units.

Since the pattern analysis was based on gas chromatographic
data obtained with packed partition column while Table XVIII 1is
based on data from the 200-ft open tubular column with much
higher resolution, an exact correspondence between peak positions
in the two sets of data is not to be expected.

The twenty-five parent peaks selected in elution from the
first (200-ft Carbowax 20M) column resolved, as Table XVIII
indicates, into over 150 components on re-analysis in the 50-ft
Apiezon L coclumn. The number of components per peak ranged from
3 to 10. Contribution of these components to the parent peak
varied over a broad range, but usually one to three daughter
components could account for the most of the parent peak area.
Thus, the 25 parent peaks resolved in the second (Apiezon L)
column, into 36 major components and approximately 120 mineor
components. The major components are marked by asterisks. Some
parent peaks, e.g.., one with K.I.=1540, resclved into several
components none of which relatively large with respect to the
others, so that none of the daughter peaks could be asterisked.

The twe Kovats index values for each peak partially
characterize the type of the compound. The most c¢cnvenient
identification guide line is through calculation of a difference
or dispersion parameicri

(K.7”. in Carbowax 20M) - (K.I. in Apiezon L)

This parameter describes the gas chromatoygyraphic "polarity" with
respect to Carbowax 20M stationary phase. The parameter is
zero, by definition. for n-alkanes; can be a small number for
branched alkanes; and increases by approximately 70 units by presence
of 2 double bond in the hydrocarbon. The difference parameter
is given in the corresponding five columns of Takle XVIII, where 1t
1s classified into five ranges.

The first range, O to 100, contains alkanes and alkenes. The

second range, 100 to 250, may contain dialkenes, ethers, acetals,
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substances with hetercatoms in saturated or one-double-bond ring.
The third range 250 to 380, 1s populated by alkanals (aldchydes) .,
ketones., esters. It also can contain benzene and 1ts alkyl
derivatives: however, benzene has a Kovats index pair (in Carbowax
20M/Apiezon L) 960/680: toluene 1060/7%6; o-xylene, 1213/926:
m-xylene, 1173/901; p-xylene, 1166/899; and ethylbenzene 1152/884:
none of these 1s represented within error limits of order of

+10 K.I., in the table and hence most likely are not present among
the over 150 compounds shown. Amines also can be present in this
randge. The fourth range, 380-520., contalns alcanols. lower
alkenals, and alkadienals. The fifth range, above the dispersion
parameter of 520. can contain substances with two polar groups on
the molecule. or with several doubkle bonds on alcanol molecules.
The lowest member of glycol serles., ethyleneglycol, has the index
pair of 1580/660, and 1s not present in Table XVIII,.

The 1ndicated range boundaries are only approximate, expecially
at the lower end of K.1. values. This can be illustrated by the
following examples. Thc n-élkanals are located at discrete K.I.
pair values separated by approximately 100 unit steps between the
successive members of the series: n-pentanal 985/685. n-hexanal
1078/783 n-heptanal 1188/867 (assumed. in Table. 1220/865), with
the dispersion perameter of 30C, 79¢, a2~g 321, respectively. If
the peolar functicnal group 1s partially shielded by non-peolar side

chains. the molecule behaves 1n less pclar manner: thus

n-butanal = 326
2-methyl kutanal 291
n-hexanal 295
2-ethylhexanal 271

Doukle konds. on the other hand, increase the gas chromatographic
polarity, cf

2-ethyl hexanal 271
2-ethyl-2-hexenal 341
n-butanal 326
n-butenal (crotonaldehyde) 433
2.4-hexadienal 509
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The index pairs, of course, also a'~ located at a point
different from the corresponding n-alkanal points. J3imilar rules
apply to ketones and esters:

Butyl Butyrate . = 287
Isobutyl Butyrate (polar locus shielded) 233
Ethyl butyrate 285
Vinyl butyrate 304
Propyl propionate 286
Isopropyl propionate 270
Propyl acrylate 328
Allyl acrylate 392

Similarly, for n-alkanols the dispersion parameter is in
the range of 480-510 (except for the lowest members of the series),
decreases 1if side alkyl groups obstruct the hydroxyl group,and
increases if double bonds are introduced.

Thus, although the grouping by ranges in Table XVIII is not
ideal, it gives insight into the nature of the components. With
the knowledge of the Kovats index in Apiezon L and of the
approximate gas chromatographic polarity, estimates of the boiling
points of the components are also possible and can be considered
to be within + i0°C of the actual value. The estimated boiling
points of the components are also tabulated in Table XVIII.

An absolutely positive identitication of the specific
components from the two gas chromatographic parameters only is
not an exact procedure; it merely eliminates many unlikely choices,
narrowing the selecticon to a few possible candidates. Pending
the mass spectrographic identification., a closer chemical
characterization of the over 150 compcnents was not conducted.

Some points fitted reasonably well certain compounds, however;
these are indicated in parentheses as the most likely choices
in the last column.

A survey of Table XVIII invites severa. interesting
generalizations.

First, there is an unexpectedly frequent presence of alkanes
and alkenes, with eight t2 fourteen carbon atoms, and with C

12
alkane either not represented or present at low concentrations.
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This can be either a physiological effect, or an effect that
characterizes ur..an culture with vehicular exhausts containing
unburned hydrocarbons present in air and pickcu by human subjects.
There are 35 ccomponents of this type: 9 of these are among the
major 36 dauchter-conponents. Some negative dispersishn parameters
that show up in the table are irherent in the peak-reinjection
procedure where the injection into the sccond column iz concidered
to occur at the middle of the finite duration injection interval,
(e.g., 30 sec) although actually some components are present in
the leading edge, others in the trailing edge of the parent

peak. An alkane contained in the trailing edge of the injecced
parent y_ak will result in a small negative dispersion parameter.

The carkonyl compounds (including esters), with armines alsc
possible., occur in the third dispersion index column, with
possible additional cross over into higher and lower ranges.

Here, 6¢ components occur, anong these 19 are major components
of their respective parent peuks.

The second dispersion index column contains 29 components,
but only 2 of these appear tc be major components of the respective
parent peaks.

The fourth dispersion index column f(alkanals, alkadienals)
contain 22 components;: 5 of these are major.

The fifth group contains 10 components, one of these is a
major contributor to the corresponding parent peak. These are
multifunctional substances or polyenes with polar functional
groups, and *their presence may deserve further exploration since
they begin to =ppear in the higher koiling point ranges,
repeatedly indicated to be important in discriminant functions.
Also, compounds with lecsser volatility can be recovered from air
v1t', higher efficiencies and perhaps more suitable in detection
devices.

To summarize the inspr:’:on of Table XVIII, relatively “.igh
frequency nf hydrocarkons, and the dominance of carkmnyl coiipounds

{includinc perhaps esters) among the major components, and
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presence of multifunctional compounds, or carbonyl compounds :
l with more than one double bond appear to be the characteristic
; features of the human chemical signature studied by the high-
l resolution two-column technigue. Approximate group character-
E ization of the components is summarized as follows:
L Major Minor
: Components Components
4 I' of of
1 Parent Peaks Parent Peaks Total
|
l Hydrocarbons 9 26 35
, Acetals, Ethers, Heterocyclics 2 27 29
b Carkonyls, Esters, Amines 19 43 62
E Alcohols, Diene Carbonyls 5 17 22
! I Diene Alcohols, Polyfuncticnals 1 9 10
I Total 36 122 158
*A few duplications, for peaks close in Kovats Index values on
: ]‘ Carbowax 20M column, can be possible. .
i

An inspection of Table XVIII also indicates that from the 25
parent peaks studied, the peaks areas reasonably well represent
primarily +the content of one single daughter component in 12 cases
{one major daughter peak found in each), represent primarily the
content of two daughter components in 1l casex., of three daughter

ey uﬁ

ccmponents in 3 cases, and none in one casze. In the latter, the
parent peak consisted ci severa. daughter components none of which
excelled in magnitude. These observations should assist in
considering the merits of single-column devices vs. two~column
devices for pattern classification , at the resolution levels

§ el Py Soibinba}

obtainable with 200-ft columns. The presence and the changes in

the concentrations of the minor daughter components can, however,

-

37 influence the positicn of the apex of the parent peak in the
primary gas chromatogram and under certain conditions influence

L ]

L

L)

the pattern classification data, by shifting the peak assignment

acrocs a range boundary into the range of neighboring variatles.

[T
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Therefore, the significance of the minor peak components in

pattern recognition cannot be ignored.

Aside from the above 25 peaks eluted from the first 200-ft

Carbowax 20M column and re-anslyzeé in the 50-ft Apiezon L column,

the gas chromatogram from the first column c¢contained many

additional peaks. Data obtained from vapors of the same subject,

a Caucasian female, and analyzed at 90°, 120°. and 150°C are

listed in Appendix Il1. There is reasonable similarity between
two analyses at 150° (A and B) on two subsequent days from the

same subject. A summary of the number of peaks observed in

vapors is as follows:

faximum
Number in
Kovats Index Analysis Temperature, °C Respective

Range 90 120 150(A) 150(B) Range
Below 300 10 2 3 3 10
801-1000 11 11 7 4 11
1001-1200 25 16 3] 5 25
1201-1400 11 27 12 13 27
1401-1600 9 20 25 25
1601-1800 2 25 21 25

7 3 7
TOTAL 57 76 80 74 130

Thus, prior to the subsequent split in the Apiezon Il column,

a 200-ft Carbowax 20M coclumn, used isothermally at three

different temperatures, indicating the presence of approximately

130 peaks.
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4.5 _ _Mass Spectrographic Identification of Human Signature

_Components

The initial results showed that the sizes ¢0f the peaks
of both human signatures studied fell below the sensitivity of
the mass spectrograph.

The experiments on the mixture of n-butanol and heptanal
showed that both compounds were positively identified each time
their respective gas chromatographic peak sizes matched l.ose of
the major and medium-size components of human signature.

The standard gas chromatographic analysis of the human
signature collected on the large fluidized bed showed a significant
increase in the sample magnitude. The size of the sample found
was at least ten-fold that of the sample usually collected on the
standard bed. Also, the peak distribution pattern was similar to
the pattern previously obtained from the same subject under routine
ccllection conditions.

Mass spectrographic analysis of human chemical signature
collected on the large bed and fed directly from the open tubular
column produced patterns which in most cases were too complex for
immediate interpretation. One analysis indicated the presence of
a compound (naphthalene) probably transferred to human from moth-
producing materials. The peak of this compound was usually well
resolved as observed in the respective gas chromatographic analyses
of the sample.

The direct mass spectrographic analysis of effluent carrying
human samples collected on standard size beds produced patterns
which in all cases studied were too low above the instrument
background for positive identification.

The difficulties encountered in the mass spectrographic
identification of human signature components result mainly from
the lack of sample resolution rather than its size. This is
supported by the pcsitive identificatior of the naphthelene
(since its peak was well resolved), by the results of experiments

on l-butanol and heptanal and by recent frequent observations made
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during the analysis of human signatures on the two-column apparatus.
The results of these experiments indicated that most Carbowax 20M

e

peaks were multi-component peaks.
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5.0 PROGNOSIS _FOR CHEMICAL SIGNATURE DISCRIMINATIQN DEVICES

The work conducted indicated that the complex chemical
signatures of humans and environments contain features which
permit classification by source type using relatively straight-
forward statistical discriminant techniques. The number of
features that must be taken in account and their distribution
within the gas chromatographic spectrum depends on the type of
sources that must be discriminated. Although it is possible that
further research may uncover some specific substances or a few
substances that characterize e.g.. humans versus environments,
it is questionable if signature detection and identification
devices should be based entirely on such features. A device that
can be based on sufficient redundance of features is less
likely to suffer from interferences. From the findings thus far,
it appears that 7 to 1% complex features may be necessary to
reasonably characterize the source. The two-column data also
indicate that these features consist of several chemical
components some of which probably represent useful features
while others act only as chemical noise.

Two questions can be posed: (1) which processes are best
suited for signature identification and (2) can a sufficiently
rapid device be envisioned?

Since the useful features are represented by various molecular
species, it would be desirable to use vapor separation methodés
that permit retention of the molecular identities rather than other
processes (such as mass spectrometry on non-separated mixtures)
which splitter the molecules. Such methods are the basis of gas
chromatography. Separation by interaction with a polar medium, as
used in the present work, permits locating the discriminating
features. It appears that a useful discriminant system can be
based on the principle of preseparation in polar columns and
inspection of the discriminating regions in the second column or
columns, cf. 4.4. Vertical cuts through e.g., Carbowax 20M versus
Apiezon L field plot in the regions of interest should produce
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enough information for identification of source types.

The second question, on the order of speed that may be
achieved by such devices, must be answered in two steps:
can a preconcentration o0f organic vapors from air be ccnducted
fa::t enough, and can the subsequent task of identification
of the features be conducted fast enough?

Concentration. Although higher sensitivities to all or to

some substances can be achieved with some gas chromatographic
detectors; especially if helped by very careful work and
adjustments, nanogram (10-9 g) amounts of individual substances
of all types can be relatively easily detected by devices widely
used in routine gas chromatographic practice. For a typical
substance with a molecular weight of 100, this corresponds to
6 x 1012 molecules. Assuming the desired detectability level at
109 molecules/cm3 of air and the maximum gas~sample size into the
device's processing channels at 1 cm3, a concentration factor of
6000 is needed to bring the lowest concentrations into the
detector's performance range. Solubility of wvapors of organic
materials in gas chromatogrephic stationary phases decreases by
a factor of such magnitude when tamperature is changed from
ambient to above 200 to 230°C. Hence, equilibrium absorpticon from
air at ambient temperatures and desorption at above 200°C, in
principle, permits one-step concentration of the dilute chemical
signal to the level needed for a routine detection by usual gas
chromatographic detectors.

There is no limitation, in principle. why such a process
cannot be conducted with speeds of order of 1 sec. A thermodynamic

requirement and a kinetic regquirement must be met.

(k) (ng) (v) > 6 x 1012 (1)
)_(g. > 1 (11)
2D
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where

k is the dimensionless partition coefficient for the vapor
in the stationary-phase/air system. equivalent to the
factor by which the concen‘ration of the vapor molecules
in the solution in the phase is larger than their
concentration in air when equilibrium is reached

ng is the concentration, in molecules/cms

v is the volume, in cm
concentrating device

, of the vapor in air
of the stationary phase, in the

® is the thickness of the absorbing film of the stationary
phase in the device, cm

D is the diffusion constant of the vapor molecules in the
stationary phase, cm? sec -1

Partition coefficients at ambient temperature for vapors of
substances with ambient saturated vapor pressures of several
millimeters or lower in appropriate stationary phases easily
reach into the range of 103 or higher. Therefore, the first
requirement satisfying the sensitivity of the detectors can ke
met, for ny = 109, with a few cubic centimeters of a suitable
stationary phase. The second requirement, from the diffusion
laws, must be met to perform aksorption equilibration in a time
span of order of 1 sec. With a typical D = 1078, the permissible
£ilm thickness is of order of 10~% cm, well within technologically
feasible limits.

Resolution. The complete resolution of the chemical signal
captured from air would consist of a full inventory of the
rolecular species present in air at the time of inspection by the
analog. As in any process, compronise must be accepted between
resclution and time. Resclution is possikle at two stages of
processing -- in sending the vapor mixture that constitutes the
sigral with assistance of a carrier gas through a gas
chromatographic partition tube, and in using species-selective
detectors on the signals resolved in the first stage. Most
detectors and their electronic circuitry have very fast response,
and their specificity cannot be improved by simply allowing more
time. Therefore, signal processing time and resolution depend
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primarily on partition-tube performance.
The resolution that can be produced per second can be
estimated from the following equation*:

where

R23 iz the resolution of the vapors of substances 2 and 3
(Rz3 = 1 indicates very distinct resolution with a
negligible overlap of signals)

Loq is the ratio of partition coefficients of the vapors
2 and 3 in the stationary phase at resolution
temperature

t is the time in seconds

k is the retardation ratio in the partitioning tube and
depends on the volume of gas space, the stationary
phase in the tube, and the partition coefficient of the
vapor in the stationary phase

N is the equivalent plate number ¢f the partitioning tube

t_ is the gas holdup time (volumetric flow rate of carrier
gas through the tube divided by gas phase volume)

We now use this equation tc estimate what ratio, Loy in
partition coefficients of 2 and 3 can be ascertained in 1 sec
(R23/t = 1) in a typical short partition tuke. For capillary
tubes, k 1s of order of 0.2 to 20, and a 1l0-cm-long tube can
typically be equivalent to N=100. Selecting k=1, and tm=0.1lt,
r3=l 04. A difference of 4% in the partition coefficients of

2 and 3 should suffice to tell these components apart within 1 sec.

Other estimates** show that a "1l00-plate" partition tube can
permit recovery of substance 2 with less than 5% impurity of the
substance 5 and., in reverse, if both are present in equal amounts

*Loyd, R.J., Ayers, B.O., and Karasek, F.W., Anal. Chem., 32,
p. 43, 698 (1960).

**Littlewood, A.B.. Sas Chiomatography, p. 136, Acad. Press,
New York, 1962.
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in the original mixture and their nartition coefficients differ by
40% or more.

In the case of very complex vapor mixtures, many compounds
are present, and the above resolution is inusfficient for a
complete inventory. There is a continuous overlapping of the
substances with small differences in the retention times. Ir
usual cases, low-resolution processing then results in a poorly
differentiated effluent from the partition tube with peaks of
noticeable size concentrations considerably in excess of the totezl
concentration of other poorly differentiated substances. Any
portion of the effiuent from the akove "100-plate'" partition column,
taken during the time interval of t + 0.4t, contains over 95% of
the compcnent or components with the retention time t, and a lesser
fraction of components with retention times within the t + 0.4t
boundary.

In the notatiorn of Kovats retention index (cf. Section 3.6.5),
the retention times are referred to the scale of n-alkanes with a
logarithmic transformation to produce intervals of 100 Kovats
Index units between each of two consecutive members of the
homologous series of n-alkanes. Two compounds with retention
times of t and t + 0.4t produce an index difference of 50 K.I.
units. The interval between Cy (200 K.I.) and Cyp (2600 K.I.)
alkanes carries 36 intervals of 50 K.I. units each. Thus, in
principle, a parallel multichanne’ unit with separate non-polar
phase channels operated at different processing regimes (temperatures,
flow rates, and times) can split the Kovats Index continuum
corresponding to compounds with bkoiling points up to 400°C into 30
to 40 cells. Each cell is populated by molecular species with
relatively similar partition coefficients in the gas/non-polar phase
system. The detector response at the exit of each low-resolution
channel is a complex function of the population distribution within
the cell with frequency maxima at those time points at which some
more-than-usually abundant molecular species elute.
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Various discrim:inators can then be applied to the population
of each of the cells. Two types of discriminators can ke derived
from gas chromatographic practice. One is a polar or otherwise
specific stationary phase in a low-resolution column with its
characteristics being the shift of the elution positions with
respect to the n-alkane position. The other is the sensitivity
of the detector to some atomic species, e.g., a sulfur-sensitive
detector indicates the distribution of sulfur compounds among
the cells «nd within each cell. The species-sensitive detector
can apply to the initial multichannel signals or to the signals
first distorted by the second-stage discriminator columns. Since
the dispersion shifts easily exceed 50 K.I. units, a low-resclution
discriminator is sufficient toc produce a rather informative
Gispersed signal. The shifts are characteristic of functional
grouns in tlie molecule and of the steric clustering of non-polar
varts of the molecule around the functional group.

Thus, there is no fundamental difficulty in development of
processes that can characterize chemical signatures of humans within
a few seconds to a degree sufficient for classification by sources.
The actual choice of the processing steps requires however a

massive experimental and theoretical effort.
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6.0 _SUMMARY_ AND CONCLUSIONS

Within the context of the present work, chemical signatures
are defined as compositional characteristics of organic vapors
emanated into air by various sou.ces. The objective of the
conducted work was to estallish if features exist in the chemical
signatures of humans that can be used to distinguish humans from
environments and to distinguish among humans. A further objective
was to characterize those features as far as possible within the
limits of the effert and presently available technology. An
all-glass Teflon cell was available from the previous project
(DA-11-022-AMC-1775(X)). Tris cell permitted isolating humans
temporarily, from the surrounding air and maintain them in a
flowing. highly purified air stream so that better samples, not
confused by a continuous arrival of contaminants from air, could
be collected.

It was soon discovered that many cf the usual sample
collection procedures, such as: collection in vessels, cryogenic
cooling of air, or adsorption on carbon, were unsuitable for the
chemical signature acguisition when the chemical signatures
consisted of a large variety of organic materials available in
alr at concentrations as low as parts per billion.

Consegquently. considerable effort was directed toward the
development of improved techniques for the acquisiticon and
processing of samnles of chemical signatures frcm humans and
varicaes environments. The essential features of this development
involved new systems for sample collection, transfer, and
injection into the yas chromstograph. The sample acguisition was
based on the concept of collection thicugh equilibration. The
collectors were special fluidized heds of Teflon powder coated
with a thin film of Apiezon L stationary phase. The fluidized
bed configuration of *he cullector produced the best possible
contact of scmples with 2ir. The Apiezon L permitted later
recovery of the dissolved sample with minimum artifacts from

decomposition of the trapping phase itself. 1In a typical
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collection of a sample from a human, the bed imaterial was

exposed to ailr carrying the vapors at the flow rate of 0.75 liters
per sec. The environment chemical signatures were collected by
pulling the air through the sampler by a small blower. Since the
collection involved equilibration, the actual airflow rate through
the sampler 6id not have to be known and was not critical as long
as the powder was kept in the fluidized state.

A special calibration procedure was dev.sed to correlate the
concentration of a known sample component in air directly to the
2l12ze of the peak on the gas chromatogram, to check the collection
efficiency and to establish the time required for attainment of
equilibrium concentrations for various types of compounds.

The recovery of the collected sample from the trapping film
and its injection into the gas chromatograph for analysis was
effected by a special sample transfer and injection system. The
sample transfer system was designed to allow the transfer of the
vapors from the bed maintained at B80°C into a snecial stainless
steel thin wall needle which was kept at ligquid nitrogen
temperature. The transfer was effected with cryogenically
purified gas. The sample injection system was constructed to
deliver the sample from the injector needle to the gas
chromatographic column in a timed, automatic and reproducikle
manner.

The sample acquisition step was found to require 45 min to
produce reproducible and equilibrated samples. The typical
duration of the sample transfer step was € min. During this
pericd 70 to B0 percent of the vapor sample was found in the
injector needle. Higher efficiency cculd be achieved with a
longer transfer time but at the expense of increased analytical
timne. The sample injectiocn siep resulted in reproducibie and
practically guantitative injections with S5 to 98 percent of the
sample transferred from the needle and introduced into the
injection port of the gas chromatograph.

The standardized techniques developed in the initial phase
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of this work were used to obtain 65 gas chromatographic patterns
of human signatures and 10 patterns of various environments. The
human signatures were collected from healthy subjects of both
sexeg and several races. The races included American Caucasian
males and females, Indian males (born in India', a few American
Negroes, and a Mexican and a Malayan subject.

The first series of chemical signatures were analyzed at
125°C using a 10-f:, 1/3-in 0.D. packed hed columns with a
Carktowax 20M stationary phase. Later work, conducted on a
smaller variety of samples from humans, utilized 50 and 200-ft
long suppcrt-coated open tubular columns with a Carbowax 20M
ccating. These provided much higher resolution and were used
isothermally at several temperature levels (90°, 125°, and 150°C).
In still later work, a specially modified two-column gas
chromatcgraph was used in which +he sample was first analyzed in
a 200-ft support-coated open tubular Carbowax 20M column and the
gas chromatographic peaks found previously to occur most
frequently in the human chemical signatures were further analyzed
in a 50-ft support-coated open tubular Apiezon L column. This
procedure allowed the resolution of peaks into further components
and a subsequent estimation of their gas chromatographic polarities.
A three-column gas chromatngraph was also used. combined with a
computer-analysis of data, to characterize the cor sonents of the
rhemical signatures in similar terms.

The great complexity of the chemical signatures was revealed
ny the experimental zurvey of the samples from 65 humans, and 10
environments in analysis in the 10-ft packed columns. At this
stage., the data were studied by several computerized statistical
analysis technigues, to discover if: (1) valid discriminant
functions can be extracted permitting classification of the
signatures by the types of their sources, (2) how many gas
chromatographic features need to ke used to obtain classifications,
and (3) indicate those features which are most significant in

forming discriminant functions and therefore deserve priority in
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their chemical identification.

Attempts at mass spectrographic or other identification of
components at various degrees of gas cihromatographic resolution
were also made. These indicated that the highest degrees of
resclution in a two-column system will be needed to resolve the
chemical species present in the chemical signatures of humans to
a degree where meaningful identifications of the individual
components becomes possible. This work remains an objective for
the future, and in many cases will require further enrichment of
the sample to reach concentrations sufficient for identification.

The data were organized in a Kovats Index system and are
tabulated in the Appendix.

The following conclusions were reached:

(1} At the resolution available isothermally with 10-ft
packed gas chromatographic columns and using collection
and sample processing methods to ppb of organic species
in air, the human chemical signatures exhibited fiom
32 to 48 features per signature.

(2) sStatistical pattern analysis conducted on the chemical
signatures at the above resolution levels indicated that
from 2 to 15 gas chromatographic variables are needed
to reach meaningful classification of the signatures
by their sources. The number of variables (features)
that must be utilized increases as the similarity of
sources (e.g. Caucasian males vs. females) or
variability within classes of sources (e.g. males of
several races vs. females of several races) increases.

(3) Some classifications (e.g. humans vs. environments)
based on classical stepwise discriminant analyses of
patterns resulted in discriminant function which
reasonably successfully classified additional test
cases.

(4) There were indications that the decision boundaries for
the chemical signature classifications in statistical
hyperspaces may be more complex than accessible to the
classical stepwise discriminant proceadures.

(5) Detection and scurce discrimination devices based on the
principle of chemical signatures must most probably be
tased on detection and correlation of 5 to 15 features
at resolJution levels outlined in the conclusion of
paragraph #l.
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(7)

(8)

Chromatographic snalysis with resolution obtainable
isothermally at several temperature levels from 200-ft
support-coated Carbowax 20M column exhibited typically
100 to 130 peaks. Twenty-five of these, reanalyzed
isothermally on 50-ft support-coated Apiezon L column
saeparated further into 3 to 10 chemical components,
this producing over 150 observable components. The
total number of components observable at this level

of two-stage resolution in the chemical signature of

a selected human, can be estimated to be in the range
between 500 to 1000.

Classification of the observed components, by their

gas chromatographic polarity, with attention to those
components most frequently observed in humans, indicateac
the presence of considerable amounts of hydrocarbons,
carbonyl compounds and a few alcohcels. Compounds
considerably more polar than alcohols were also

observed and probably belcng to species with more than
two polar groups per molecule, or contain more than

one double bond, in addition to a polar group.

Mass spectrographic identification succeeded only on

two compounds which originate most probably from
moth-proofing materials and therefore represent features
characteristic of advanced material culture. The
surprising frequency-of-occurrence of hydrocarbons may
be related to a similar environment permeated by
vehicular exhaust. Future mass spectrographic
identification should be attempted only on components
after their resolution in two-column system.

IIT RESEARCH INSTITUTE

75




G G Gl Gmd el S bt i ek b b et and omdd o ON D @R @S

Table
Number

II
II1I

Iv

VI
Vi1
VIII
IX

XI

XII
XIII

XIv

XVII

XVIII

LIST OF TABLES

_Title

Examples of Calibration for Collection of Selected
Compounds 1n Apiezon L Fluidized Bed

Calibration

Calibrataion
Compounds

Calibration
Calibration
Calibration
Calibration
Calibration
Calibration
Calibration

of
of

of
of
of
of
of
of
of

Two-Column System with n-Alkanes

Two-Column Apparatus with Polar

Three-Column
Three-~Column
Three-Column
Thr ee-Column
Three-Column
Three~Column

Three-Column

Apparatus
Apparatus
Apparatus
Apparatus
Apparatus
Apparatus
Apparatus

with
with
with
with
with
with
with

Contribution to Effective Carbon Numker in
Flame Ionization Detector

n-Butanol Emission from Various Humans

n-Alkanes
n-Alkanes
n-Alkanes
n-Alkanes
n-Aldehydes
n-Alcohols
Aldehydes
Hyadrcgen

Discriminant Analysis of Chemical Signatures of Males,

Females,

and Air from Various Environments

Discriminant Analysis of Chemical Signatures of

Caucasian Males,
List ¢cf Variakles

Indian Males,

(K.I. Ranges)

and Caucasian Females

Success 1n Statistical Pattern Classification as a
Function ¢of the Number of Variables

Several Identifications of Compcnents in Chemical
Sig.aature from Human Subject by Three-Point Match in
Three-Column Apparatus

Characterization of Human Chemical Signature

Components on Two-Column Gas Chromatographic Apparatus

76

QT T T P

Bas i 1
.




Pt L . tor i [Tt

ydeabojewoiyo seb ayjy Jc A3TaT3itsuas 3saybiy
3yl 3e ead FwO-T B UT S3TNS3T Jeyly ITe jo
I3323WT3UudD oTgno 1ad saynoajou Jo Iagunu UL,

1101 X £°1 autwedA3ngIqg
o010l X 19 ajexAing TAyag
1100 X ¢°1 ajeuotdoag tAyim
60T X L°S pIoy oTxAjng-u
o1l X 1°¥ p1oy otuotrdoig-u
1101 ¥ 9°¢ pIOY OT330y N
60T X 179 spAyapieaidsy-u
o101 X ZT°¢L suoue3dQ
601 X 2765 TOouexsyg-u
010T X 9°¢ Toueng-u
o100 * T°1 susTAx-u
T ezuWd/ (gWd/SaTnda10w) TodeA

‘anbiuyos] juasalg Y3iTMm
ITWTY ARTTTIQR30338(

qdd g3ZIqaIindd 1 NOZHIdVY NI
SANNOdWOD QAIOITAS 40 NOILOITIOO HOA NOILVHAITVO J40 SITIWYXI

I 2198L

SR U G W G by e b Wb hee b bt bevd bl tnd Omd wl owd Oud




. ,,,___.a. ,_E " ..,...r_: c_, [N T ona _,,:_ e

s

utw 6ty
‘q uozatdy !UuTW €0°F ‘WOZ XBMOQIR) :3d3urRylsaw JOJ e3ep :oﬂw:HMN

2,621 38 waisds ayg

1
9,08 1Z° €€ 9€ *8T1 vTTLE st
7S 0¥ 68°81 08°€9 26722 YT, kS
1602 ARES Zb * 9t 5151 £,
9.° 0T 05°9 59° 12 €5°01 ¢y
5SS pL€E 89" €T LLL Iy
$8°7 S1°2 6€°6 8T 9 01,
€L°0 1L°0 £8°S Ve 85
1 uczordy WOZ Xemogaie) 7 uozatdy WOZ Xemogqaed auexIy-u
TTTTT T U Tawity —TSUTW Y3wir uotanta .

UOTIUSIDY POIDIIIT0)H

Ammz‘@vﬁddl: HLIM WILSAS NANTOO~OMI 4O NOTILVHHITYO
II ?19edl

Sl OE I GEE NP PUN e pew e e pae W SN THE B G BB W o

[ pp—— . . . e e ' [ A




A1oaT30adsaa ‘gajnutw ut ‘g uozaildy pue
WQZ Xemoqie) UO S3Wl) UOTIUSIDI Pa30aIIo)D-~

A19AaT1303dsaT ‘sajnutw ut
‘7 uozatdy pue WOZ XemoqlieD U0 S3WT3 UoTIINTI-

A4

A4

o] o) ja ] 2
axaum (“w-Yw) - (C3-Y3)="0 "w-"a=">

o)

d pue A

o}

O pue O

o)
£

S5 ¥V
utur 9g *Q0= W- W ‘UTW 6£°§

=YW 7 uozaidy ‘furw mo.vuoz ‘WOZ Xemogqlie) :aueyidw I0J B3IEP UOTINTF

4

Do GZ2T 3I® snieaedde wxﬁa

8S6 0671 L1°2 89°0T auouelo0-¢
6S8 L6T1 I1°1 9¢°g auoueydsp-7
L99 L96 Te°0 08°1 2uoue3Udg-¢
S8S 188 L1°C Z1°1 auouejing-z
9L6 ¥OeT 9y *Z L1 Teueldo
0L8 8611 01 6€°9 Teueadapy
£8L 2601 L9°0 £G°¢ Truexay
009 658 0Z°0 00°1 aspAyapreaiaing
015 3 42 1170 £6°0 apAyspreuotdarg
9ZL seZ1 £€0°1 S9°L Touejuad-T1
9¢9 BTITT 0€£°0 ST1°% Toueing-g|
XA S00T Z1°0 81°2 Touedoag-g
oct 088 90°0 Z1°1 [oueylyq
q uozs1dy WOz Xemoqien 7T Uozoidy WOz Xemogqae) punodwod

Xopu] UOI3U233Yy S AO)N

g UIW ‘2u1y
UOTIUDITY PI3IDI3II0)

4

T

SANNOJHWOD ¥VTI0d HLIM SNLYIYYdIVY NWNATOOS~OML 40 NOILVHHITYOD
I11 3198l

R N On bm hw bw bw by b

i

L TR Weo. RS

| JNGS SR DI

bocd  bd el

79




[ . S ” " . . ' "

uotjejodeaixs feotydeadb EOumv

Z0"0 + S0°z ‘°nyea wmmum><m

utw $p - ‘buoT-71 uozatdy
(UTW £z ©3Toys —quozatdy (UTw IT°Y ‘WOZ Xemoqae) :e3ep uOIINTI wcmsumzN

Do 06 1B sniyeaeddy ayg

1
S R S — .
. . . . . . . A @©
GC*2 00°88 00°¢€¥ CT"6C TT TCT,IT 9L 1Z°¢¢ o)
00°¢C 86°6€ 66761 60°6GT 16°65 €E€°6€ 02°61 T,
L0°¢ GI°6T 92°6 $6°L $G1€ 8%-1C 90°21 01,
L0 €8°8 (LT°F 70" ¥ ZT°LT 96721 £1°8 6,
L0°2 C6"1T T6°0 ¥8°0  6€£°L ¥Z°9 91°% e
jioyg,/bucq FEuoq 3I04s | WOZ  buog  3IoUs TTTwWoz ~w,mﬂ.mn.o
7 uozatdy ] uozsidy  XBMoqieD TTH Uozaetdy  Xemoqiep
o13ieY TTTTTTTTUTW ‘auwTy TTPUTW CewTt uoranid
3 UoOIIUIISY PIIVVIIO0D

Hmm24¥J<|c HLIM SNLVIYdAY MHNTCO-3IYEL 40 NOILYHEH ITYD
Al S19el

o e e )




$0°0 + €02 ‘anyr=2a mmmuw><m

utw ,z*$ ‘buor—7 uczatdy
dutw €Y°p ‘3Ioys - uozatdy (UTW ;6 E ‘WOZ Xemoqae) :eilep UoTINT3 SURYIIW

z
J002T1T 3e sniexedde m:BH
T c6°Zv 00°2Z2 6L €T TL°09 £6°6€ 9L LT £y
£0°2 vY 2z 80°TT 90°8 LL*%E LZ7€2 €021 1, ©
20°2 SLTTT LL"S ¥9'F 99707 ¥S°'bI1 193 I,
zo'z ¥1°9  vo°€ £9°2 b0"€T 08°6 099 o1,
L0°Z 6T1°€ 95T €1 688 OT°L AR 6,
012 89°T 08°0 08°0 5L°9  £L°% LL¥ 85
3304s/buoy Buol 3II0UsS T Woz | Buoq 3II0oUS T TWOZ | _Bueyiy-u
7 uozatdy "7 uozaldy  xemoqie) 7 uozatdy  Xemogae) Z
oT3ey ‘UIW ‘Wt — TUTW “Bwiy uoTanTd
3 UOTIUDISY Pa3IDaIIOo)

Hmm.zlwv—ddl: HLIM SNIVIVYAAY NWNTOD-JAFYHL 40 NOIIVIIITYD
A 3TqBL

BE N I BN m B e s bk heei bwi bk et Ouwd fumd Gmd Samd  Oumd ann

_‘ :m,,




i
n

" ‘ 4 Ay
L Lo

AU R AR I

200 ¥ v0-g ‘onjea afeaaay

3
utw $1°¢ ‘bHBuor-7 uozatdy
IUTW g6°€ ‘ITIOYS-T uozatdy (urtw Hg ¢ ‘WOZ Xemoqae) :ejep uorinia wcmsusz
D00G1 3® snieaedde wr_.aA
L0°2 19°¢€Z 1#°11 s8°L 09°6¢ SZ°€Z 69°11 v,
50°2 001 +8°9 08'%  ¥6°2Z £9°ST  +9°8 th N
£€0°2 16"t 06°€ L6°C Z0°ST 98°01 18°9 ¢ty ©
10°¢2 LSy Lz LLT 8v-0T €£0°8 19°S ,
£0°2 ps 7 €271 80°T  9.°L 0£°9 z6'¥ 0T,
v0°2Z £P°1T  O0L°0 99°0 £2°9  GE°G 05" ¥ 65
S0°Z Z8°G 0b°0 ov-0 9€°S  6L°F Ty 8,
}Ioys/buoq buog 3II0US WOoZ ~ Fuom 3304s ~ wWOoZ  punodwo)
7 uozatdy 7 uozatdy xemogaiep ~  UozZaidy — Xemogie) 4
ot3iey *UTW ‘auT] T CUTW ‘owTry uotanid

£

UOTIUDIBY PI3ID3II0D

1

SANYATY~-U HLIM SNLVYVAAY NWTOO-JIYHL J40 NOILYYdITVO

IA 3

Taey

P T R N R I e 1



T, TP B £k 43 8 108 2oy i o e .vJ‘.Ilvl\.!.,. I RrT g I PR . - - . -

I0°0 ¥+ T0°C ‘onTea abeiaay

£
utw 1y ‘buor -7 uozaidy
uTw g6°€ ‘3IoYs-q uozatdy lUTW $GE ‘WOZ Xemoqae) :B3Eep uoT3INTD dueYIoN,
J.06T 3t snieaedde wsaa
202 LS°¥Z 91°21  89°L 6€°9¢ £8°€¢C ZS5 1T v,
z0°Z ST'¥T To°L €8°%  ZTI'EZ €8°ST  ,9°8 ¢ .
z0°z £1°8  20°¥ 00°€  (Z°ST 10°I1  ¥8°9 ¢, ®
20°2 S9°v  DE"T 08°T  65°01 60°8 $9°S i,
00°2 oL*7  SE°T Z0°T  98°L  9€°9 98 01,
00°2 05°T SL°0 $9°C  82°9 8£°C 8 v )
00°Z 88°0 ¥¥°0 8€°0  CF°S 18°% Zz 8,
3T64s,/bue1 Buoq  3I0uUs WOT Buoy 33048 HOZ ~ ,puncdwos
7 uozatdy 7 uozaidy XeMmoqaie) 7 uozatdy  xXemoqae) 4
ot13ey TUTlW ‘2Wiy, TTTUTW ‘suwigl uot3n(g
13 uoT3IUa3I2Y PoIDIIICD

Hmmz¢MA€|: HLIM SNLVYVAIY NWNTOD~HIYHAL 40 NOILVIdITYO
IIA @198)

- eEE WS - WY N A W BN N N S AN R n N m e el




e g 0 T e

$0°0 + 80°Z :onrea abeiaay

€
utw zy-$ ‘buor-7 uozatdy

dUutw ¥y “33IoYys- uozardy :utw 80P ‘WGZ Xemogie) :aueylsu JoJ ejep :oﬂuzamm
Do0ZT 3I® snjeaedde w:BH
Z1°¢ 05°S  09°2 10°%¥1 €6°€C S8-CZ 60°81 Teue3do
60°C SB°C 9€°T B8C"8 GG°St 8BEl 9£°¢C1 Teuelday =
1172 9%"1T 6970 98" ¥ ¥L°0T 6L76 Y68 Teuexay
11°2 8£°0 8I°0 65" T 6£°9 1079 L9°G opAyspreIdang
062 0Z2°0 0T°0 6670 1975 EE"S LC™S apAyspieuordorg
3Toys/buor  buoT  IIoyg Woz = buol 33oys WOZ punoduio)
T uozaidy 7 uozaidy XemoqJIe) 7 uozatdy  xemouqie)d z
moHumm SUTW ‘BwIg *UTW ‘'PWIl uoIljnyg

UCTIUSIDY PIIDIIITOH

>dQAHIAQTY HLINA SNLVIYdAY NWNIOD-dJYHL 40 NOTILWYHd I'T¥D
IIIA 31qel

4




ORI RPN 1 R B o

60°0 + T1°C :3nfea mmmuw>¢m

utw ;1% ‘bBuor- uozatdy
IUTW TO°P ‘3IIoUS-g uozardy UTW ;£8°f ‘WOZ XemoqIen :aueyjisw 103J B3Iep uotranig,

D,0GT 3t waisig

T
£0°¢ A2 IL°0 | 23 S6°0T 90°0T1 12°6 ToUexapy-1
£E0"C 6L°0 6€°0 GZ"¢ 12°8 Ga°L 4l G joue,usg-1
w
s0-°7 b0 I2°0 68°1 6v°9 I1°9 9L°S fouelng-71 ®
80°C SZ°0 Z1°0 20°1 L4 2] S1°S 68"V Touedoad-1
LTZ €170 30°0 LS°0 (L8°v 1AM 4 1A 4 Toueyig
13 24 LO°0 t0°0 9¢°0 09° % (0 20 4 LA 4 Toueyisnw
3aoys/buog FEuoq 3Z0ys Woz  bBuoq 3Jioys wWoe puniodwo)
1 uozatdy =~ f uozatldy Xemoqaes | Uozoldy — Xemoqae) 4
0T3Py TUTW oUWy, T TUTW ‘Bwry uotanld
¢ UOT3IUNISY PIID21I0)D
ﬁmqomouqdlﬁ HLTM SNITIYAdY MWNTOO-JEYHL 40 NOILWIHITVYO
X1 @19eL
Lowa T2 L 0 L ime bnnd pewd oot Deed Sed Gl




90'0 ¥ 712 :9anyea abelaay

t
utw f1-p ‘Buor-7 uozatdy

futw T0°F ‘3Ioys- uozatdy (UTW £B-E ‘WOZ Xemoqlie) :3ueyliauw IOJ BIEp :oﬂuSHMN
D, 0ST 3® Emummmﬂ
Zo 2 05" ¥Z-1 19°G 8z°21 980T 8% "6 T1eUE3D0
Z1 ¢ 9¢"T  ¥9°0 8b "€ 166 €1°8 GE°L TeueadaH
L1°C bL-0  FETO 01°2 10°L S¥-9 L6°5 TeURX 3
01°¢ 12°0 GT°0 0L°0 90"  6L'F GG ¥ apAyapreadang
81°C Z1°0 90°C o¥ 0 89°% 9%°¥ 92"V apAyapr2uotdolg
3T04s/buo] Buol  jIous NOZ ‘BPacq Y3Ious NOZ punodwolh
1 vozardy T Gozstdy  xemoutep 7 Uozaidy_ xemogrep  ©
mOaumm SUTW “9Wwl], TUTW ‘' BWIL UoTInty

UOTIU33I3Y PIIDBII0D

[SIAAKATIY HLIM SOLY¥YdAY NWATOD-IIULL 40 NOILWIE ITVD
X 2T9°L

86



S v

E
&
[ 4

Table XIi

CONTRIBUTIONS TO EFFECTIVE CAREBON NUMBER
IN HYDROGEN FLAIME IONIZATION DETECTOR

Aliphatic C 1.0

Aromatic C 1.0

Olefinic C 0.9¢

Acetvylenic C 1.30

Ketone, Aldehyde C 0

Nitrile C 0.3

Ether O -1.0

Primary Alcchol © -0.6

Secondary 2Alcohol O -0.75

Tertiary Alcohol O ~0.25

Ester © -0.25

Two or more Cl on Single

Aliphatic C -0.12 each Cl

Cl on Olefinic C +0.05

Amine N as 0 in corresponding
} alcohols
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Table XII
n-BUTANOL EMISSION FROM VARIOUS HUMANS

2 Rate
Subject Peak Area, cm Molecules/Sec
CAUCASIAN MALE 1
A 2.00 0.62 x 10%4
1.60 0.49
a 3.20 0.99
B 7.78 2.42
5.52 1.71
3.28 1.02
0.53 0.16
b 1,76 0.55
C 48.00 14.90
CAUCASIAN FEMALE
D 11.64 3.61
E 6.08 1.89
F 46.30 14.40
INDIAN MALE
G 3.60 1.12
H 4.13 1.28
IC 3.84 1.19
J 14.30 4.43
4.00 1.24
19.88 6.16
K 4.64 l1.44
L 5.04 1.56
M 9,92 3.07
N 1.28 0.40
(0] 3.50 1.08
P 2.08 0.65
NEGRO MALE
Q £.28 1.64
NEGRO FEMALE
R 60.48 18.75
S 56.40

8First 3 measurements taken when subject was on
average mixed diet: 4th and 5th measurements taken
7 and 8 days later, respectively, after subject had
been on special diet of fish, cheese, milk and tea.

bSubject is a chemist working with various organic

solvents.

cSubject is a strict vegetarian; other Indian subjects
mostly vegetarians.
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Table XIII

DTSCRIMINANT ANALYSIS OF CHEMICAL SIGNATURES
OF MALES, FEMALES, AND AIR FROM VARIOUS ENVIRONMENTS

Variables Considered

Corresponding Number of Cases Considered
Consecutive Kovats Index Males, 39 Females, 26 Air, 10
Number* Range Cases Correctly Classified, %

1 1250-1300 77 34 70

2 1350-1400 77 38 60

3 1450-1500 82 51 90

4 1050-1100 84 48 90

5 650- 700 84 62 90

6 > 1600 84 62 90

15 850- 900 87 79 90

*
In order selected by the computer

At 15 variables considered, the following Kovats Index ranges
have not been selected by the computer as useful discriminants:
700-750; 800-850: 950-1000: 1000-1050; 1150-1200; 140C-1450;
1550-1600.

89
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Table XIV

DISCRIMINANT ANALYSIS OF CHEMICAL SIGNATURES

OF CAUCASIAN MALES. INDIAN MALES, AND CAUCASIAN FEMALES

Variables Considered

__Number_of Cases_Considered_

Corresponding Caucasian Indian Caucasian
Consecutive Kovats Index Males. 25 Males, 12 Females, 23
Number* Range Cases Correctly Classified, %
1 1250-1300 60 41 61
2 700- 750 56 75 73
3 1350-1400 64 75 69
4 650- 700 64 75 693
5 1550-1600 72 75 69
13 > 1600 83 83 80

*
In order selected by the computer

At 13 variables considered.

the following Kovats Index ranges

have not been selected by the computer as useful discriminants:

< 600: 600-650; 850-900:

900-950;

1300-1350: 1400-1450: 1500-1550.

39

1150-1200;

1200-1250:
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Table XV

LIST OF VARIABLES (K.I.
(Those ranges in which peaks most frequently
occurred in vapor from humans are marked P)

RANGES)

Consecutive Number

of Range, K.1. Range
(Variable) From-To
1 0- 465
2 465~ 485
3 485~ 516
4 516- 5136
B 536- 590
6 590- 610
? 610~ 645
8 645- 655
Q 665~ 666
10 666- 686
11 686~ 706
12 706~ 722
13 722- 740
14 740~ 758
15 758 799
16 799- B1l9
17 819- 824
18 824- B42
19 842- 860
20 860- 882
21 882- 992
22 902~ 904
23 994~ 924
24 924- 968
25 968- 987
26 987-1005
7 1005-1025
28 1025-1045
29 1045«1061
30 1061-1081
31 1081-1084
32 1084-1104
33 1104-1112
4 1112-1132
35 1132-13.40
36 1140-116¢C
37 1160-1171
38 1171-1191
319 1191~1195
40 1195-1215
41 1215-1232
42 12321259
43 1250-126%
44 12¢5-1285
45 1285-1297
46 1297-1131%
47 1315-1334
48 1334-1340
49 1340-1363
50 1360-1372
51 1372-1392
52 1392-1421
53 1401~1419
54 1419-1437
55 1437-1454
56 1454-1472
57 1472-1490
58 1490-1500
59 1500-1517
60 1517-153%
61 1535-1590
62 1590-161C
63 1610-161%
64 1615-1625
65 1635-1800

Range Width,
X.I. Units

465
20
31
290
54
20
35
20

X
20
20
16
18
18
41
20

)
18
18
22

20

2
20
44
19
18
20
20
16
20

3
20

R
20

8
20
11
20

4
20
17
18
15
20
12
18
19

6
20
12

20

9
18
17
17
18
18
10
17
i8
55
20

5

o o © ©

W 'W'w v =W "W ‘v W U O v w w9 W O wvY v U

‘o' YW w0 v

o

20 P

165

Variables
Selected for Latest

_Clags Scparations

x X X X
v v ‘v W o

®x x

X X x X x X
o] oY 0 o ‘T W

X X XXX XXX

%

x
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Table XVI

SUCCESS IN STATISTICAL PATTERN CLASSIFICATION
AS A FUNCTION OF THE NUMBER COF VARIABLES
(Variables Correspond to Range Numbers in Table XV)

All 37 P-Ranges (Run A) 10 P-Ranges Only (Run_B)
% of % of
Identification Human Identification Human
Number Signatures Number Signatures
Consecutive of Variable Classified in of Variable Classified in
Numbering cf Table XV "Human Class" of Table XV "Human Clasgs"
1 64 71 64 71
2 56 78 56 78
3 57 83 57 83
4 47 83 26 87
5 46 83 44 91
é 26 B6&
7 18 86
8 10 no readout
9 30 88
a8 no readout
11 16 94
Additional 92 to 94
92
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NOTES TO FIGURE 17

Wilcoxon-White ranking test, applied to the positions of
points in the negative directicn of X discriminant function
only yielded 162 as the rank sum for females (rank sum for the
smallest group). The critical point for error probakility of
0.1 percent 1s 252. Thus, the validity of the X function in
classification of males versus females has considerebly less than
1:1000 chance of being in error.
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Figure 20

COMPARISON IN THE IMPROVEMENT OF TWO-WAY CLASSIFICATION
OF CHEMICAL SIGNATURES: USING VARIABLES (KOVATS INDEX RANGES)
THAT FREQUENTLY CONTAIN PEAKS IN HUMAN SIGNATURES
(P-VARIABLES, FULL LINE), OR VARIABLES THAT CORRESPOND TO
RANGES INBETWEEN (DASHED LINE)
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Figure 21

DERIVATION OF DISCRIMINANT FUNCTION FOR CLASSIFICATION
OF HUMAN AND ENVIRONMENT CHEMICAL SIGNATURES

AND TEST OF THE FUNCTION ON 29 ADDITIONAL HUMAN CHEMICAL SIGNATURES
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IMPROVEMENT IN CORRECT PATTERN ASSIGNMENTS WITH
INCREASE IN THE NUMBER OfF VARIABLES UTILIZED BY THE

STEPWISE DISCRIMINANT ANALYSIS PROGRAM
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THREE-COLUMN DATA INTERPRETATION ASSISTED BY GA3COL
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SUBJECT: CAUCASIAN FEMALE L.B.
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APPENDIX I

Tabulation of Chemical Signature Data

I'T RESEARCH INSTITUTE
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EXPLANATION OF ARRANGEMENT

Human chemical signatures are arranged in numbered order,
approximating the chronological order in which the data were
calculated. The environment chemical signatures begin after the

human chemical signature No. €9,
The takulation is a copy of the computer printout.

The upper line in each pattern describes the source,
("SUBJECT"), gives the consecutive pattern number {(one per
pattern), and initials if the source was a human subject.

The second line is the data of the chemical signature
collection.

The third line (Total Intensity) gives the total area,
in sq. mm. at 0.1 x 1 electrometer setting, of all gas
chromatographic peaks of the particular pattern, and the mean
peak intensity (total area of the pattern's peaks divided by the
number of peaks in the same pattern).

The columns in the tabulation are as follows:

(1) First column- consecutive numwer of the peak in the
particular pattern.

(2) Second column - retention time in terms of Kovats
retention index-cf. text, section 3.6.5.

(2) Third column- the arez of the pecak. in sg. mm, calculated
to the electrometer sensitivity setting of 0.1 x 1.

wﬂamwmuWM%mev

mdd

(4) Fourth column- normalized area, equal to the area of the
particular peak divided by the "Total Intensity'--
sum of areas of all peaks in the same pattern.
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SUMMARY OF PATTERNS BY GROUPS =

HUMANS B

Consecutive Caucasian Indian e _._Other B
Pattern No, Males Females Males Males Females
1 X
< X
3 X
4 X
5 X
6 X
7 X
8 X
9 X
10 X
11 X
12 X
13 X
14 X
15 X
16 X
17 X
18 X
19 X
20 X
21 X
22 X
X

NN
—~ O
*
~
»”

[WEWE YY)
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52 NOT USED
53 NOT USED
54 NOT USED
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APPENDIX II

Gas Chromatographic Positions of Peaks Obtained in
Analysis of Vapors from the Same Caucasian Female

3
:,;

Analysis: Isothermal, 200-ft support-coated
open tubular column with Carbowax 20M.
Data are listed on Kovats Retention
Index Scale.

NOTES

(1) For those ranges of the chromatograms which were outside
of the calibrated range, the peak pcsitions are given in
' minutes of retention time instead of Kovats lndexes.

{2) Values below K.I. = 700 correspond to the very initial
parts of the gas chromatograms and are much less exact
(of order of + 30 units at extreme early range) than
the values 1n the higher K.I. ranges.

(3) The last column represents difference in Kovats Indexes
between peaks and shoulders observed in Run B and the
closest matching peak in Run A. A plus (+) mark
indicates that peaks in pattern B did not seem to have a
reasonable counterpart in the pattern A within the limits
of experimental error. A dash (-) means that a peak was
observed in Run A but apparently had no satisfactory match
in Run B.
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GENE GG e Gy Gdasg Gy By gy g peay  sEay g SEg IR IR W oS T e

Differerce In

Kcvat s indexes
Between Kuns A &

(3ee Ncte 3,
Appendix Tivie Pojel

[

N prAILE
gn e LA 1537 (B) Repeat
Kovats Kovats Kovats Kovat s
Index  Man, Indgx Min, lnpdex Min. Index  _Min.
3.R3 31.84 .00 min, Y
4.04 i
4.13
4.2
435
600 -
€02
648
675
[N -
718
. 730 + i332)
752
78
777
793
892
809
823
837
842
544 4
g4
B53
HoT 14
Esl
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T3 AsTRACT T
In the work on the detection and identification of human chemical signatures,
experimental and computerized statistical techniques were first developod, tested,
and standardized. The experimental technigues solved the problems of sample
collection, recovery, injcction into the gas chromatograrh, calibration and
characterization of signature components, The sample collections were based on the
principle of cquilibmition and were performed by means of Apiezon L-coated Teflon
pouder in the form of a fluidized bed. The collected sauples were transferred into

; a svccip] injector needle by means of un TITRI-designed transfer system. The
injection of samples into the gas chromatograph was performcd in a timed, automatic
and re cproducible manner with a specially con%fruc‘cd injection system. The

i nlzcldtlon mothod permitted correlation of the concentrations of known signature
cormponents in air with their respective prak arcas. The sensitivity of this novel
process is of the order of onc part per billion (by volune) of an organic component
in air.
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