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Abstract

The Contaminant Analysis Automation (CAA) Project's
automated analysis laboratory provides a "plug-and-play" reusable
infrastructure for many types of environmental assays.

As a sample progresses through sample preparation to sample
analysis and finally to data interpretation, increasing expertise and
judgment are needed at each step. The Data Interpretation Module
(DIM) echoes the automation's plug-and-play philosophy as a
reusable engine and architecture for handling both the uncertainty
and knowledge required for interpreting contaminant sample data.

This presentation describes the implementation and
performance of the DIM in interpreting polychlorinated biphenyl
(PCB) gas chromatogram and shows the DIM architecture's
reusability for other applications.
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The need for automated environmental data interpretation

The United States Department of Energy (DOE) faces a daunting
environmental remediation problem. But before remediating any
location suspected of contamination, the site must be characterized
by laboratory analysis. In 1995, the DOE needed two million
characterizations. With increasing emphasis on restoring the
environment, the combined DOE and Department of Defense (DoD)
plans estimate the need for 50 million sample analyses in the year
2000 [1]. Sample analysis accounts for $30 billion dollars of the
current $160 billion dollar annual environmental remediation
business: by the year 2000, sample analysis could grow to $55 billion
dollars of the predicted $220 billion dollar annual industry total [2].
The DOE effort requires a variety of characterizations, including
organics, metals, and radionuclides. To attack this immediate and
immense problem, the DOE is developing advanced technology as
well as applying today's methods.

Contaminant Analysis Automation (CAA) [3] is the DOE
advanced technology project for characterization. CAA automates the
entire chemistry laboratory process (Figure 1). The CAA automated
laboratory reduces turnaround time by switching among chemical
procedures and by traveling to the characterization site to eliminate
transportation delays. By separating the reusable infrastructure
from analysis-specific parts of the automated laboratory, parts can
be replaced to perform the analysis at hand.

The reusable infrastructure (Figure 2) includes the user
interface, the controller, a database and communications protocols,
as well as laboratory necessities installed in a trailer. By adding
specialized equipment that follows the standard communications and
control protocols [4], the laboratory is ready for a specific chemical
analysis. These standardized instruments, called Standard
Laboratory Modules™ (SLMs™), can be plugged into the CAA
controller, human interface, database, and communications without
rewriting the framework, permitting work to continue with a
minimum of disruption. Completing the automated laboratory
analysis, the Data Interpretation Module (DIM) [5] interprets the data




and reports the nature of the sample. Just as CAA is reusable for
many analyses, the DIM framework is similarly adaptable.

A specific analysis: Polychlorinated Biphenyls (PCBs)

CAA's first chemical analysis for automation is EPA SW-846
Method 8080 for the detection and reporting of hydrocarbons in soil.
The specific hydrocarbons are three polychlorinated biphenyls (PCBs)
mixtures known as Aroclor® 1242, Aroclor 1254 and Aroclor 1260.
The differences in their names refer to the differing weight
percentage chlorine in each Aroclor.

A sample travels through the laboratory in three steps: (1)
sample preparation, (2) sample analysis, and (3) data interpretation.
Sample preparation chemically and physically prepares the sample
for chemical measurement. For PCBs in soil, sample preparation
converts a beaker of dirt into a liquid sample suitable for injection
into a gas chromatography instrument. SLMs such as sonicators and
concentrators prepare the sample, coordinated by the controller
through standardized communication protocols and standardized
behavior.

Sample analysis produces data from the liquid sample by
injecting the liquid sample into a gas chromatography instrument.
Analytical Instrument Modules (AIMs)--such as the gas
chromatography instrument for PCBs--measure the sample and
produce data, coordinated by the controller through standardized
communication protocols and standardized behavior. AIMs are
generally more complex than SLMs, and assessing AIM behavior is
more complicated. The PCB analysis measures the PCB content of a
sample through gas chromatography with electron capture detection.
Each PCB is a mixture of 50 to 70 chlorinated biphenyl compounds.
Each of these compounds creates a peak in the chromatogram. A
chromatogram displays the amount of a material detected, the time
scale separates the materials by volatility.

Data interpretation converts the data into a quantitative
assessment of the sample. Data Interpretation Modules (DIMs)--
including the PCB DIM--identify and quantify targets using
automated techniques and information about the techniques and
using standardized communication and accepted behaviors. The gas
chromatography instrument is calibrated by producing
chromatograms of fifteen standard samples before each batch of
samples is analyzed. These standard chromatograms are five
concentrations of each of the three Aroclors (Figure 3). By comparing
the chromatogram of an unknown sample to these fifteen standards,
a chemist reports the quantity of each of the three Aroclors believed




present. Errors in manual quantitation of PCB chromatograms
typically range from 20% to 600% [6].

Complexities arise in both manual and automated
interpretations in at least three ways: first, the presence of multiple
Aroclors in a sample causes their signals to interfere with one
another. Second, sites containing PCBs often also contain oil, and oil
contamination produces nonspecific responses which obscure the PCB
signal (Figure 4). Third, systematic and specific weathering degrade
the PCB, causing difficulty in comparing its chromatogram to
standards.

The difficulty of automation increases as the sample passes
from sample preparation to sample analysis and to data
interpretation, reflected in the expertise and training of the persons
traditionally performing the task. The DIM faces uncertainty in how
to do its task and, at the same time, requires much knowledge about
its task.

Data interpretation: Is the data analyzable?

Data interpretation requires (1) analyzable data, (2) assurance
that the laboratory is not contaminated and is running within the
range of a valid calibration, and (3) a way to determine and report
the contents of the data.

To address whether the data is analyzable, the Analysis
Assessment System (AAS) (Figure 5) studies the chromatogram from
the gas chromatography instrument, forming a table of symptoms
such as peak tailing or clipping. The AAS examines the symptom
table through its expert system [7], diagnosing whether the gas
chromatography instrument is running reliably. The AAS is vital to
an AIM--that is, an integrated, automated gas chromatography
instrument in the case of PCB analysis. Without runtime feedback, a
over-concentrated sample can contaminate the instrument’s column
or a septum can start leaking, rendering the output chromatograms
useless, but an autoloading instrument will continue to run samples
from its tray and waste the samples. With performance feedback
from the Analysis Assessment System, the gas chromatography
instrument can stop operation and prevent costly delays or possibly
complete loss of samples.

Data interpretation: Is the laboratory reliable?

The DIM assists the chemist and the controller with Quality
Assurance and Quality Control by reporting contents of blanks and
controls, and by flagging over-concentrated samples. The chemist
and the controller monitor the performance to ensure that a
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calibration is still valid and that contamination of the laboratory has
not occurred.

Data interpretation: What is in the data?

Once the analysis assessment system confirms the AIM was
running correctly, and the chemist and controller verify that the
laboratory is in calibration, the DIM begins processing the data.

The PCB DIM uses five pattern recognition techniques, each
with its own strengths, to quantify Aroclors 1242, 1254 and 1260 in
a gas chromatogram.

Figure 6 shows the DIM user interface. A row of logbooks,
opened with a point-and-click interface, allows the user to look at
details when desired. The object-oriented design results in objects:
that is, icons with actions associated with them. The user connects
the interfaces by clicking objects of the controller, database and
Matlab® connections. Buttons open palettes containing the objects
such as models, samples (Figure 7), and methods needed to describe
and analyze a chromatogram. The user selects a gas
chromatography sample object on the DIM screen and views its
description by clicking the object. The user enters the sample type
(such as unknown or blank), and selects an analysis strategy to run
on it the sample. In Figure 6, the file 016f0101 is being analyzed as
an unknown, using the analysis "Aroclorl".

The strategy named Aroclorl includes objects with plugged-in
routines for preprocessing method, the five pattern recognition
techniques, combiner logic for selecting the best answer from the
techniques, and final answer procedures for archiving and reporting
results. The preprocessing object's plug-in Matlab baseline removal
program executes. The graphics and messages from external
packages such as Matlab and those generated from the DIM are
displayed and logged.

Once the preprocessing completes, the pattern recognition
techniques begin to execute. Colors change as objects pass from idle
to starting, and so on until they are done, making the status of the
system visible at a glance from across a laboratory. '

The PCB DIM uses a neural network, peak area analysis,
principle component regression, iterative multiple linear regression,
and a peak interpolation method as pattern recognition techniques.
Pattern recognition techniques return identity and quantity
information for each Aroclor. Some techniques return only identity
data; others, only quantity (Figure 8). The combiner object is a small
expert system whose rules and procedures synthesize a final result




from the pattern recognition techniques' results. It is the combiner's
duty to make sense of these results.

The combiner passes the final result to the answer object. The
answer object archives data, converts return codes according to the
sample type for use in an integrated system (e.g., if a blank contains
an Aroclor, the DIM reports contamination to the controller) and
passes the result and return code to an integrated system. The user
can examine results from techniques, combiners, and the answer
object, or view the original chromatogram.

For a single Aroclor without oil contamination, the combiner
logic is trivial: every pattern recognition technique works well. The
power of the DIM shows in the more difficult cases. The combiner
currently handles mixtures, singles and blanks without oil. The
DIM's ability to interpret mixtures contrasts to the inability of peak
area analysis, which emulates the way a chemist would interpret the
chromatogram (Figure 9). Despite the confusion in the peak area
method's result, the final report on sample 034f0101 is 400 ppb
Aroclor 1242 and 800 ppb Aroclor 1254--exactly as the sample was
created.

DIM Architecture: How is all of this reusable among
analyses?

The DIM has three layers: (1) a commercial expert system shell,
(2) a base DIM that provides the services and types of objects and
interfaces needed for every DIM application, and (3) an analysis-
specific DIM that has had specific pattern recognition and
preprocessing techniques and combiner logic inserted. The
commercial expert system shell, G2, features real-time
responsiveness, graphical user interface tools, object oriented
modularity, fuzzy logic for handling uncertainty, and supports
procedures as well as rules for precise control by the programmer.

The base DIM contains the user interface through which the
chemist can build and execute analysis-specific data interpretation
strategies as well as examine raw data, calibration models, and
intermediate and final results. The base DIM interfaces to the rest of
the automated laboratory, connecting across computers to a
controller and to an object oriented database. However, it requires
neither as the DIM can operate in either standalone mode or
integrated with the automated laboratory. The base DIM provides
connections to external signal processing packages such as Matlab
and analytical chemistry laboratory software such as Target3®.

Analysis strategies consist of sample, preprocessor, method,
combiner, and answer objects. The base DIM provides generic




versions of these and the environment for running them. Using an
object-oriented hierarchy, all these objects inherit from the general
purpose DIM-object class. DIM-objects contain information and
operations generic to all parts of a strategy. Fields in a DIM-object
contain state and diary information. Using the state and diary
information, the base DIM connects selected DIM-objects
(preprocessors, pattern recognition methods, etc.) and executes them
while logging progress and errors, and triggering alarms (Figure 10).

The analysis-specific DIM has customized sample,
preprocessor, method, combiner, answer and instrument objects. For
the PCB DIM, a sample label contains the sample type, the name of
the data file, and the requested chemical analysis. The preprocessor
points to baseline removal code in Matlab signal processing software.
A method object is created to point to each of the pattern recognition
methods developed by experts especially for Aroclor interpretation.
Individual methods provide results in standard format to the DIM.
The results from the methods are combined and the most reliable
answer produced by the combiner object. The report object
determines return codes, archives data, and passes return code and
results to the controller if necessary.

Ongoing work: combiner logic, multiple input DIMs, and new
applications

Work continues on the combiner logic for oil contaminated PCB
chromatograms. Once again, the plug-and-play framework approach
allows the combiner architecture to be used for other analyses as
well. Later work will focus on more general types of contamination
and on weathering effects.

Data fusion is the study of selecting or synthesizing the best
answer among many views and it describes the DIM's approach
perfectly. A DIM easily accepts multiple types of input, viewing it as
additional information in combining technique results. A GC/MS
sample with its own preprocessing and pattern recognition methods
(Figure 11) and those results could, for instance, be combined with
GC result data to produce a final result.

The DIM provides the framework for similar applications in
biological, pharmaceutical, and other chemical processes that
previously required both too much knowledge and accommodating
too much uncertainty to attempt automation.

Summary and Conclusion
The Data Interpretation Module (DIM) is (1) a reusable
framework for data analysis, and (2) a method for interpreting the
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presence of PCBs in gas chromatograms. Its reusability comes from a
modular, hierarchical approach and standardized interfaces.
Preliminary trials indicate the PCB DIM's success at interpreting
mixtures of Aroclors, as well as single Aroclors, and blanks in the
absence of o0il contamination. Work continues to expand the DIM's
performance to interpreting contaminated and weathered data. This
will be accomplished in a way to provide a reusable framework for
use in other analyses as well.
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