A KNOWLEDGE-BASED SPECTROSCOPIC
ASSIGNMENT SYSTEM

by
Jin Wang

TRO7-112, Aptil 1997

This is an unaltered version of the author's
MCS Thesis

Facuity of Computer Science

University of New Brunswick

Fredericton, N.B. E3B 5A3
Canada

Phone: (506) 453-4566
Fax: (5086) 453-3566

E-mail: fes@unb.ca

www: http//www.cs.unb.ca



A KNOWLEDGE-BASED SPECTROSCOPIC
ASSIGNMENT SYSTEM

by.

Jin Wang
B.Eng.{CS), Suzhou University, 1993

A Thesis Submitted in Partial Fulfillment of
the Requirements for the Degree of

Master of Science in Computer Science

in the Graduate Academic Unit of the Faculty of Computer Science

Supervisor(s): B.G. Nickerson, Ph.D. the Faculty of Computer Science/Spatial Data
Structures; Knowledge-Based Systems

R.M. Lees, Ph.D. Physics Dcpartmenthlcrowave and Infrared
Spectroscopy

Examining Board: V.C. Bhavsar, Ph.D. the Faculty of Computer Science/Parallel

Architectures and Algorithms; Learning Machines; Artificial Neural
Networks; Multimedia; Computer Graphics; Digital VLSI systems, Chair

D.M. Fellows, Ph.D. the Faculty of Computer Science/Simulation;

Computer System Performance Evaluation; Operating and Distributed
Systems.

A.G. Adam, Ph.D. Chemistry Department/Experimental Physical
Chemistry. Molecular Beams and Spectroscopy.

This thesis is accepted.

Dean of Graduate Studies
THE UNIVERSITY OF NEW BRUNSWICK
April, 1997 (of submission to Graduate School)
© Jiﬁ Wang, 1997 |



zf
5_
s_
%
i

Abstract

Studying the energy level structure of different molecules by means of spectro-
scopy is one of the fields in physics and chemistry. MOSAA? developed in this thesis
is a knowledge-based system which can assist researchers in the assignment of the
peaks of the molecules in question by using the spectral information provided, along
with a knowledge base containing known energy levels of the given molecules and
spectroscopic assignment rules provided by physicists.

Rules together with their associated components (i.e. parameters, functions and
properties) compose the knowledge base for methanol spectroscopy assignment. Rules
and their components are written in plain text using special grammars. A compiler
created using lex and yacc is used to translate a rule file into an internal knowledge
base data structure. A total of 313 rules for spectroscopic assignment are defined.

The MOSAA system inference engine combines backward chaining and forward
chaining as well as two special mechanisms *'TRY’ and "Restart’. This inference engine
is written in C++, and was designed specifically to handle the "generate and test”
process required for spectroscopic assignment.

An overview of the MOSAA implementation is given. This includes a description
of the top level structure, preprocessing and user interface.

MOSAA was tested using two methanol species spectra (Spectrum CH}OH in
the 900-1100 cm™! region and Spectrum CDI®OH in the 915-1030 em™! region ).
This testing showed that MOSAA successfully assigns 11 series in spectrum C H*OH
testing and 11 series in spectrum C'DI®OH testing.

1MOlecular Spectroscopic Assignment Assistant
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Chapter 1

Introduction

1.1 Problem definition

Studying the energy level structure of different molecules by means of spectroscopy is
one of the fields in Physics and Chemistry.

Presently, the group of Dr. R.M.Lees of the Physics Dept. in the University of
New Brunsick is focusing on studying the rotational and vibrational energy levels of
methanol and its isotopic species [12,16,23,25,26).

Methanol, one of the simplest and most important molecules with hindered internal
rotation, has received attention in Physics and Chemistry since early 1940 (Koehler
and Dennison) {15].

The technique of high resolution infrared Fourier transform spectroscopy for study-
ing the energy levels of methanol and its isotopic species, has had tremendous quant-
itative impact on molecular spectroscopy in the last decade [23]. The method involves
first obtaining an infrared absorption spectrum (Fourier transform spectrum in a cer-
tain range and resolution) of the species of methanol being studied, which shows the
transitions between the various energy levels of the molecule. The wavenumbers of
the useful peaks of the absorption spectrum and their corresponding intensities are

stored in a Peak Finder file. Then, using the current knowledge about energy level



structures as well as a variety of analytical techniques, the peaks in the peakfinder
file are labeled with the appropriate qliantum numbers for the transitions. This leads
to an understanding of the energy level structure and the internal interacfions of the
molecules,

The labeling process is called “energy level assignment”. Fig.1.1 shows a piece of
a spectrum, the corresponding part of the peak finder file, and the assigned labels.

Usually there are thousands of impdrtant péaks in one spectrum, especially in the
high resolution case. Also, the spectra of methano] are highly congested, which makes
doing the assignments by hand very time consuming,

The main emphasis of this thesis is on developing a knowledge-based system that
can assist researchers in the assignment of the peaks of the molecules in question by
using the spectral information provided and a knowledge base containing known en-
ergy levels of the given molecules and the rules provided by an expert for manipulating

the information.

1.2 Knowledge-based systems

Begining in the mid sixties, expert systems expanded rapidly in many application
areas such as chemistry, business, computer systems, and medicine [22].

Knowledge-Based systems are a generalization of expert systems that don’t ne-
cessarily perform tasks at an expert level, but do utilize human knowledge in a form
convenient for domain experts. Two basic components of a knowledge-based system
are the knowledge base and inference engine.

The knowledge base contains the knowledge in a specific domain, while the in-
ference engine controls the reasoning and has nothing to do with domain specific
knowledge. This characteristic makes a knowledge-based system easier to maintain
and expand since knowledge can be added or modified in the knowledge base. The

inference engine is not affected by this knowledge modification process.
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The architecture of a simple knowledge-based system is shown in Fig 1.2.

1 1
{ Bxtra frills, - B
' commonin ] Knowledge Explanation | i
i expert systems acquisition module module !
R R l ________________________ T, W -
i - . :
: Knowledge base [<= —~~—-2»| Inference engine i
: Essential !
] I
! Components ‘
i ]
; — Interface to the outside world '
1 - ]
. i --------- $ ________ $ -------- $ ___________ |
Humans Hardware Data ‘Other software

Figure 1.2: The architecture of a simple knowledge based sysﬁem (from [14] (KBS)).

Knowledge bases can be complex depending on the form of knowledge required.
The simplest knowledge base contains rules and facts. Transferring the knowledge
into rules and facts is an important part of knowledge based systems called knowledge

representation. Rules usually have the style:

label IF condition,
conditions

s Premise
condition,,

THEN conclu,
conclus
e Conclusion
conclu,
Inference engines can operate in different ways due to the corresponding control
needed for dealing with the different knowledge and tasks. T'wo major types of infer-

ence engine are forward-chaining and backward-chaining. Forward-chaining is a data

driven approach while backward-chaining is a goal driven approach.



1.2.1 DENDRAL

DENDRAL is the first large-scale program to embody the strategy of using detailed,
task-specific knowledge about the problem domain as a source of heuristics [9,10,
11]. DENDRAL is not a simple program,; it includes two subsystems called Heuristic
DENDRAL and Meta-DENDRAL. Meta-DENDRAL is a learning system which be-
longs to the field of knowledge acquisition, thus here we won’t give further discussion
about this.

Heuristic DENDRAL is a system that incorporates specific knowledge of chemistry
and mass spectrometry, accepts a mass spectrum and other experimental data from
an unknown compound as input, and produces an ordered set of chemical structure
descriptions hypothesized to explain the data. The basic method used is the generate-
plan-test paradigm [11]. |

“Generator” is a program that enumerates for a particufar problem its potential
solutions, which are expressed as chemical graphs in the case of DENDRAL [11].

“Planner” employs task-specific knowledge, which includes mass spectrum and
planning rules to find constraints for the generator. Further selection of the set of
solutions produced by “generator” is performed by a third stage, the “test” [11].

The tester incorporates a theory of mass spectrometry that predicts what frag-
mentation a proposed chemical structure will undergo in a mass spectrometer and
constructs a mass spectrum accordingly. This predicted spectrum may then be com-
pared to the one produced in the laboratory {11].

The inference engine used in DENDRAL is forward chaining. A sample rule used

in DENDRAL is shown in Fig 1.3.

1.2.2 MYCIN

‘MYCIN is a rule-based expert system, developed for diagnosis of infectious diseases

in medicine. MYCIN uses a goal driven backward chaining inference engine. The goal



If the spectrum for the molecule has two peaks at masses x1 and x2
such that
1. x1 +x2 =M+ 28
2. x1 - 28 is a high peak, and
3. x2 - 28 is a high peak, and
4. at least one of x1 or x2 is high
Then the molecule contains a ketone group

Figure 1.3: A sample rule in DENDRAL.

rule starts the whole session by determining if there is an organism requiring therapy.

A sample rule is as shown in Fig 1.4

IF 1) The culture was taken from a sterile source, and
2) It is definite that the identity of the organism
is one of: =staphylococcus-coag-neg bacillussubtilis
corynebacterium-non-diphtheriae
THEN:

There is strongly suggestive evidence (.8) that the
organism is a contaminant.

Figure 1.4: A sample rule in MYCIN

MYCIN has a powerful consultation and explanation facility associated with the

main inference engine. Uncertainty is also used in MYCIN which enhances its per-

formance [20].

1.2.3 TI PC Easy

TI PC Easy is an expert system shell that can be used to build a knowledge based sys-
tem. There are some good characteristics in the structure of the knowledge base that
were derived from MYCIN. The inference engine of PC Easy has combined forward
chaining and backward chaining which is different from traditional inference engines

as in DENDRAL and MYCIN.



The characteristics of TI PC Easy contributed to the ideas used in developing the

knowledge based system in this thesis.

There are three basic components in the PC Easy knowledge base: properties,
paré,meters and rules. The reference guide of PC Easy {21] gives the definitions of

these components:

1. properties

A knowledge base property is a structure that contains a piece of information
: about the knowledge base as a whole or controls a knowledge base characteristic.
For example, the property INITIALDATA tells PC Easy what information to

prompt a client for at the start of a consultation.

; 2. parameters

A parameter is a structure that identifies or contains a piece of information that
PC Easy uses to arrive at a conclusion. For example, the parameter TEMPER-

ATURE might contain a piece of information about the weather.

A certainty factor can be used to indicate a measure of confidence in the value

of a parameter.

]
:
3
i
3
:
S
i
:
1
!

Parameters can have properties associated with them.

3. rules

With parameters and knowledge base properties, rules are one of the three basic

knowledge base components. PC Easy rules are if-then statements that expréss
/ : the relationships among parameters. You write PC Easy rules in a language

similar to English.

Rules in PC Easy are written in Abbreviated Rule Language (ARL), which

combines parameter names and values with ARL functions.

Like parameters, rules also can have properties associated with them.




A sample rule used in PC Easy is shown in Fig 1.5.

IF (CREDIT = GOOD AND LOAN-DESIRED < 10000)
OR (SAVINGS = SUBSTANTIAL AND SALARY = HIGH-RANGE)
THEN LOAN = APPROVED

Figure 1.5: A sample rule in PC Easy.

A PC Easy rule can be a consequent rule or antecedent rule according to its
properties associated with the rule. Antecedent rules are used in forward chaining
and consequence rules are used in backward chaining,.

As discussed in the PC Easy reference guide [21], antecedent rules differ from

consequence rules in three major ways:

» PC Easy tries an antecedent rule after it determines the value for a parameter
in the IF statement of that rule. PC Easy tries a consequence rule if the rule’s

THEN statement assigns a value to a parameter that PC Easy needs.

o If another parameter in the antecedent rule’s IF statement lacks a value, PC

Easy does not try to determine that value.

¢ PC Easy tries an antecedent rule each time it determines a value for one of the
parameters in the rule’s IF statement. PC Easy tries a consequence rule only

once.

1.2.4 Knowledge-based systems used in spectroscopy

Several knowledge-based systems have been developed for use in physics and chemistry
spectroscopy after DENDRAL.
As we know, DENDRAL is used in organic chemistry and uses the generate, plan

and test approach to identify unknown compounds using mass spectroscopy. Most



of the recent knowledge based syst.emé in spectroscopy are used in identifying and
interpreting the structure of compounds with corresponding spectra.

One project which has several papers appearing in recent years is ESSESA: an
expert system for structure elucidation from spectra. This project uses a
knowledge-based system for the analysis and the interpretation of NMR spectra such
as ¥C-NMR [1] and 'H-NMR [3].

EXPIRS is a heuristic knowledge-based system which is used for infrared spec-
tra interpretation. This program generates alternative substructure sets, based on a
hierarchical organization of the knowledge base, utilization of molecular formula, and
a more precise subroutine for selection of the substructures {2)].

SCANNET is a system applied to qualitative analysis of organic substances, i.e.
in identification of the structure of a given (unknown) compound. The main feature of
the system is the simultaneous access to more than one database and also simultaneous
display {on one screen} of up to six different (*C-NMR, 'H-NMR, IR, MS, RA and
UV) spectral curves for profound and advanced interpretation [6].

HEPHESTTUS is an expert system implemented in a PROLOG environment, for
the interpretation of pyrolysis mass spectra (PyMS) of three categories of polymers:
polyesters, polyethers and polyureas. The knowledge of the domain is organized in
the form of rules that relate polymer structures with mass spectra characteristics. The
IF part of the rules test for matching the information extracted from the unknown
PyMS spectra with those of the knowledge base. The knowledge base is organized as
a dendrite, i.e., the polymer structures are organized hierarchically as a tree [4].

Some other systems are not used in identifying and interpreting the structure of
the compounds with corresponding spectra.

One expert system (ES) was built to allow inexpert users to interpret infrared
spectra in a few minutes. The ES contains a knowledge base which is structured
following logical representation schemes, and the inference process is carried out by

operating on rules and principles. In order to use the ES, users must feed the spectrum



peak {requencies to the system, then the ES inference process begins and the ES output
interface suggests the possible functional groups present in the sample [5].
So far, there is no knowledge-based system found that assists with methanol spec-

troscopic assignment.

1.3 Scope of thesis

This thesis mainly discusses the method used in methanol spectroscopic assignment
knowledge representation and the implementation of MOSAA?, which assists physi-
cists in methanol spectroscopic assignment.

After the brief introduction and literature review of knowledge-based systems given
in the present chapter, chapter 2 outlines the essential background concepts in meth-
anol spectroscopic assignment used by R.M.Lees’ group. A literature review of pre-
vious computer programs developed for assisting methanol spectroscopic assignment
is also given in this chapter.

Chapter 3 deals with design of this methanol spectroscopic assignment assist sys-
tem. Knowledge representation of Methanol spectroscopic assignment is introduced.
Rules as well as the components associated with them are also presented to describe
the way of translating methanol spectroscopic assignment knowledge into the MOSAA
knowledge base.

An important part of MOSAA is the Inference Engine. Chapter 4 discusses its
structure, functions and the way it is implemented.
| Chapter 5 continues discussing the implementation of some other parts in MOSAA.
It includes the internal data structures, preprocessing, user interface and explanation
facility. '

Chapter 6 describes the processes used in testing MOSAA and the corresponding

results of the testing.

1MQlecular Spectroscopic Assignment Assistant
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The last chapter gives conclusions and discusses the work to be done in the future.
Further specific details on MOSAA are contained in the MOSAA developer’s
guide[13]. |
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Chapter 2

Methanol Spectroscopic Assignment

This chapter describes the physical and chemical problems addressed by this thesis.
In order to understand the research presented here, it is necessary to introduce some
elementary concepts about methanol spectroscopic assignment.

The energy level structure of the methanol molecule is what we are interested in.
Energy levels are quantized. When the molecule absorbs energy equal to the change
in energy, AFE, between two energy levels, the molecule jumps to the higher energy
level as shown in Fig 2.1. This is called a transition.

The number of molecules, n, existing in any particular energy level decreases
exponentially as you go higher in energy. So this can be calculated as n o e~ %/ (*¥T),
where £ is the energy of an energy level, i; k is the Boltzmann constant; and T is the
temperature of the sample, in Kelvin,
| One can study the energy levels of the methanol molecules by investigating the
methanol spectrum, which shows the energy level transitions of molecules.

The x-axis used for the spectrum is wavenumber, in units of em™1, instead of

frequency. Wavenumber and frequency have the relationship:
wavenumber(em™)}/ frequency( M Hz) = 1/29979.2458(s/cm). (2.1)

The symbal 14 is used to denote the wavenumber in the following sections.
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Figure 2.1: Quantized energy levels of methanol molecules.

Fig 2.2 shows the method used to produce a methanol spectrum. Light (normally

Transmittance = 1 - Absorbance

light
Va g Transmitted

>

~

vV

Absorbed

'Figure 2.2: Transmitting light through a gas cube full of methanol.

infrared (IR) or far-infrared (FIR)) containing a range of wavenumbers v, passes
through an absorption cell full of methanol vapour. As shown in Fig 2.1, when a
wavenumber v; equals the AE of two energy levels, it is absorbed, and an energy level
transition occurs. Therefore, the intensity of the light with wavenumber v; decreases.

If there is no gas inside the cell, there is no absorption and there is a flat spectrum

with 100% transmittance of the light as shown in Fig 2.3(a).
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With gas in the cell, absorption occurs at all of the possible u; transition wavenum-
bers, and a spectrum is observed as shown in Fig 2.3(b).

4 A

100% 100%
b%
a%
0 -
Vn Vi Va
(a) (b)

Figure 2.3: Spectra for (a) is empty, and (b) cell containing an absorbing gas showing
absorbing transitions at wavenumber v;.

If the intensity at wavenumber »; in light transmitted through the cell is a, which
means the transmittance is a, then the absorption is l-a. ‘Therefore, by using an

absorption spectrum, we can study the energy level structure of methanol molecules.

2.1 The structure of the CH30H spectrum

2.1.1 Methanol energy levels and transitions

The total energy levels of a molecule are determined by its vibrational, internal rota-

tional (torsional) and rotational states as:
Etotal = Evib + Etor + Erot (2*2)

where E.i» - net energy in the 11 small-amplitude vibrations
E;, ~ internal rotation (torsion) energy

E, . - rotational (overall) energy

Methanol has a total of 12 normal fundamental vibrational modes, as indicated in
Fig 2.4 [23].
When E,;;, = 0, the energy level is called “the vibrational ground state”.
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Figure 2.4: Schematic representations of the 12 fundamental vibrational modes (

small amplitude vibration and one torsion) of methanol (from [23}).
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To represent the energy levels’ transitions, the following symbols are used:

(ViT. K, J)V# or (nTK, J)V»»

where

Vip determines the upper vibrational state. Therefore, V, represents the
ground state, and V,, represents the CO stretching state. V3 can
have values 0, 1, 2 ..., e.g.

Ve =0,1,2 ...

0 - ground state

1 - first vibrational excited state

2 - second vibrational excited state

Ts and 7 determines the internal rotation (torsional) state.

T, represents the torsional symmetry, which can be A, By, or E,.
Another symbol which often used instead of T, is 7 which has value
1,2 0r 3.

Vi (or n) can be 0, 1, 2, 3, ..., which represents the ground torsional
state, first excited torsional state, etc.

J is the total rotational angular momentum. K is the component of J
along the z-axis. We have:

J=0,1,2,3...
K=0,1,2...]

Once we have these symbols, the energy level of a molecule can be written
using the energy expansion model [16] as follows:

E(ntK,J)Y = EVy+WV(nrK)+ BY(nrK)J(J +1) ~
DV(ntK)JHJT + 1) + HY (nr K)J3(J + 1) +
(asymmetry splitting term) (2.3)

where V denotes the vibrational state of energy EY;;, W is the J-independent
part of the torsion-rotation energy, and B, D and H are effective state-
dependent molecular parameters. Although the variations with (n = K)
of the latter are small, they are clearly resolvable with the present FTIR?
measurement accuracy. Since the B° and D° values can also be calcu-
lated with some confidence for the ground vibrational state, they furnish
a valuable assignment tool [16].

I ¥ourier Transform InfraRed
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2.1.2 R, P, Q branches

Each mode in Fig 2.4 represents a band in the methanol spectrum. A band usually
falls in a certain range of the spectrum, but the regions for two or more i)a,nds may
overlap.

The lines corresponding to high absorption in each band are grouped into branches
labeled as P, Q and R, for AJ = -1, 0 and +1 transitions, respectively, as shown in
Fig 2.5.

T+1 y
] — ' state 2 B’
J-1
P Q R
I state 1 E"
{n 7 K)

Figure 2.5: Transitions in R, P, Q branches.

Fig 2.6 is a spectrum of the CO stretching band of CD3QH. In the low resolution
spectrum, there is a very clear P, Q and R branch pattern. The P and R. branches
show very clear multiplets of lines; the Q branch is highly congested and doesn’t show
clear multiplets. Diagram b) is a section of the high resolution spectrum containing
the P(19) multiplet, which appears as a single line in the low resolution spectrum.
Lines in the same multiplet have the same J value; (e.g. 19 in P(19) represents the
lower-state J value for this multiplet) but different (n 7 K) values. If we select the
line with the same (n 7 K) value from each multiplet, they build a pattern similar to

the diagram that shown in Fig 2.6 (a). These lines with the same (n 7 K) value but
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Figure 2.6: (a) Low resolution spectrum of CD;OH in the 930-1030 em™! region; (b)
0.002 cm ™! high resolution spectrum of the P(19) multiplet (from [23]).
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different J values in the IR ? spectrum belong to one group: a “series”.

Lines in the P branch or R branch have smaller J values when they are closer to
the Q branch. The wavenumbers can be expressed according to equation 2.3 and Fig
2.5 with the energies expanded in powers of J{J+1). I the small D and H terms are

ignored, since B” and B’ are very close, we get the following equations:

R(J)=E'(J+1) - E"(J)~ E}; +2B"(J + 1) (2.4)

R(J)— R(J —1) = 2B" (2.5)

Thus, the distance between two neighboring lines in the R branch of the same
series is close to a constant in the case of low J. The P branch has similar behaviour.

For the Q branch, we can’t ignore the difference between B’ and B” and we get
QU) - QU - 1) ~ 2B - B) (26)

Since (B’ — B") is very small, the distance between two Q lines turns out to be small,

which causes the highly congested appearance without multiplets in the Q branch.

2.2 Difference table spreadsheets

As mentioned in 1.1, once an absorption spectrum and its corresponding peak finder
file have been obtained, then by using the current knowledge about the energy level
structures as well as a variety of analytical techniques, peaks in the peakfinder file
can be labeled with the appropriate quantum numbers for the transitions.

Due to the congestion of lines in the spectrum, we assign one series at a time.
One technique used for initial sorting of the series and the following assignment of the

series is using difference table spreadsheets.

2InfraRed
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Table 2.1 shows a part of a difference table .spf‘eadsheet.

Table 2.1: A sample section of a difference table spreadsheet (Note that the Q branch
is missing from this table due to space restrictions). '

| R Branch [Series 1) P Branch

J I R{J) Al A2 Intensity | J | P(J) Al

4 | 1015.573578 | 1.444535 0.7245 4 | 1000.194709 | -1.630461
5 | 1017.018113 { 1.427566 | -0.016969 | 0.5955 5 1988.564248 | -1.646984
6 | 1018.445679 | 1.410012 | -0.017554 | 0.4666 6 | 996.917264 | -1.663689
7 {1019.855691 | 1.393535 | -0.016477 | 0.4017 7 [.993.573300 | -1.680275
8 | 1021.249226 | 1.376004 | -0.017531 { 0.2994 |8 | 891.876305 | -1.696995
9 | 1022.625230 | 1.358654 | -0.017350 { 0.3554 9 |990.1622565 | -1.714050
10 | 1023.983884 | 1.341201 | -0.017453 | 0.3373 10 | 991.876305 | -1.714050
11 | 1025.325085 | 1.324044 | -0.017157 | 0.1976 11 } 990.162255 | -1.729513

The basic part for each sub-branch in the spreadsheet has 5 columns for each line:
the J value, the wavenumber, first difference, second difference and line intensity. The
first and second differences are defined as A1(J) = v(J +1) — »(J) and A2(J) =
Al(J) - AL{(J - 1). _ _

From the discussion in section 2.1.2, the relationships between Al, A2, AB and J
can be expressed as [25]:

R branch: Al(J) = R(J + 1) - R(J) =2 AB(J +2)+2B", A2 = 2AB
P branch: Al(J) = P(J—-1) - P(J)=2 ABJ-2B", A2 =2AB
Q branch: AI(J)=Q(J+1)—-Q(J)=2 AB(J +1), A2 =2AB

Normally lines belonging to the same series have second differences A2 which
normally follow a smooth trend [25}.

For different bands, AB will be different due to changes in B’ therefore the A2 val-
ues for each band are different. For example, for the CO stretching fundamental A2 ~
—0.016cm ™1, while for the C H; in-plane-rocking fundamental A2 =~ —0.006cm ™" [25).

For the R branch, Al =2 2B" decreases when J increases. Al = —2B" for the P
branch, and increases when J increases. Al is negative for the Q branch and increases

with J.
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In the case of low J, the J value of a line with wavenumber v; usually can be

determined by
J =~ (v — vg())/2B" : (2.7)

where Q(0) is the origin of the Q branch.

2.3 Basic methanol spectroscopic assignment tech-
niques

To assign a new spectrum, one way to get started is to find three neighboring lines
in one series first, and then expand to get the whole series. This process is repeated,
each time assigning one series.

Fig 2.7 shows a typical structure for three neighboring mﬁltiplets. These are not

from a real spectrum but are just used here to explain what we call “Three Line

Group”.
en : average spacing |
, approx deltal |
_ | |
I—V-V-VWYV—V-H— ------------------ yv-y—y—mﬂ—v—— ----------------- va— rees
J1 J J+1

D /0

P 3rd

ma’ 15t

WY

Figure 2.7: A sample figure to explain the “Three Line Group”.
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‘The first line can be randomly picked from a low J but sufficiently strong multiplet.
The second line is picked in a multiplet next to the first one, which can be either the
J-1 multiplet as shown in Fig 2.7, or the J+1 multiplet. To pick the sécond line,
one needs to know the approximate average spacing between two multiplets, which is
usually close to 2B” in the low J case ®. The intensity of the second line in principle
should be close to the intensity of the first line, except in the case of overlapping®.
Overlapping is a complication which leads to difficulties in performing the assignment.

The data of the first line and the second line are put in the spreadsheet which is

ready for searching for the third line, as shown in Fig 2.8.
J WV Al A2 Intens

J-1

means one value in spreadsheet

Figure 2.8: Two lines found.

We then use Al as a trial spacing to search for a third line and get the spreadsheet
of Fig 2.9, which is the base for expanding to the other lines in one series.
As mentioned in section 2.2, A2 is close to a constant. Thus, to search for the

(J-2) and (J+42) lines, we have:

Vyeg = vy —Alyj+ A2

Vigg = Vip —Alp+A2;

3When the R,P,Q pattern is clear, there are clear multiplets; otherwise, we don’t have clear
multiplets, but the approximate spacing between the first line and second line is still close to 28",

“When two or more lines are too close in a spectrum, they appear as one line in the peakfinder
file with greater intensity. '
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J wvV Al A2 Intens

J-1

J+1

means one value in spreadsheet

Figure 2.9: Three lines found.

During this expansion, the main problem one has to deal with is the overlap case
which alters the expected values for the wavenumber shift and intensity.

The expansion is continued as far as possible. It will finally stop due to one of
the following reasons: (a) in the search direction towards the Q branch, the leftmost
line has a J value equal to X for the R branch (or the rightmost line has a J value
equal to K-+1 for the P branch}; (b) in the search direction away from the ) branch,
lines become weak and no longer appear in the Peakfinder file, hence we don’t need
to search anymore; (c) an expected line is missing in the Peakfinder file; (d) overlap
causes a shift in the expected line; (e) a line is perturbed; (f) there was a mistake in
picking previous lines, and some other cases.

If we get a significant number of consistent lines, we assume that this IS a sertes.
The J value of a low J line then will be determined by equation 2.7 and can be
expanded to all the other lines.

The series we get must belong to one branch. If this is the R branch, say (the P
branch is just the inverse case), the next step is to try to find corresponding lines in
the P branch using known ground state data and the existing R branch lines and doing
an expansion in the P branch; then coming back to get more lines in the R branch

from the existing lines in the P branch. During this process, the Q branch lines {if

23



this series has a Q branch) are also searched.
As Fig 2.10 shows, ground state combination differences are used for the R — P

search® and the inverse P — R search®.

4 } J+ 1
! ] 1 J excited state
J-1
PJ+1) R{)
Q) QU+1)
R{@-1)
L 1 J + 1
b d .
i k A J
a c] _ ground state
: J-1

Figure 2.10: Combination differences and combination loops.
In Fig 2.10, “a” is the R-P combination difference,
CD(I-1)=R(J-1) - P(J+1)= a = b+ec= E’(J+1) - E(J-1)

The combination differences for each series are determined in two ways; i.e. (a)
from previous FIR or IR spectroscopic measurements, or (b) by calculation of the

ground state energies. Once we have R(J-1), we can get P(J+1) as:
P(J+1)=R(J~1)~a (2.8)

‘Since there may be systematic errors in the combination differences, especially in

the calculated combination differences, the P lines obtained in this way are not very

%Search P branch of current series using already found lines in R branch.
6Search R branch of current series using already found lines in P branch.
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accurate. Thus techniques and pratical experience must often be used to determine
the right P line in the Peakfinder file.

The technique of “combination difference loops” is used to try to confirm the
relationship between the selected related R,P,Q lines. From Fig 2.10 we have the

following equations:

RUJ)-QWJ+1)=d
QU)—-P(J+1)=b
(2.9)

Since b=d, when the lines we select satisfy this relationship (to within the experi-
mental uncertainty), these lines are confirmed.

By using the combination differences, we transfer the “Three Line Group” plus
one higher or lower line from the R branch to the P branch first. When these lines
are confirmed, we have a high confidence in saying that the “Three Line Group” and
the combination difference series chosen are right. At this point, (n 7 K) is identified
from our combination difference data base.

The Lines in the P branch are then expanded as much as possible. When the
expansion gets stuck, P — R transfer starts. By doing this R —+ P and P — R back
and forth searching, more and more lines are identified until no more new lines can
be found.

Solution of the problems due to overlap, perturbation, missing lines, imprecise
CD’s and other situations is fairly complicated and depends heavily on the experience

of the spectroscopic assignment expert. The complete details are not covered here.
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2.4 Existing programs for assisting spectroscopic as-
signments

To assist physicists doing methanol spectroscopic assignments, several computer pro-
grams have been developed. Two of the methanol spectroscopic assignment computer

programs are introduced here.

2.4.1 Ritz

The Ritz program was developed by Dr G. Moruzzi at the University of Pisa using
Gnu C in DOS. It has several modules including line assignment, fitting, etc.

‘This program uses existing assignments as well as the Hamiltonian technique. If
we already know several lines in one series, such as R(2), R(4), R(5)...., the constants
B, D... in equation 2.2 can be deduced by fitting. Thus, the other lines in this series
can be determined approximately by using this equation with the known constants.

In Fig 2.11, each dot represents a set of the energy levels with the same (n, K) but
different J. Transitions A, B and C represent'FIR energy level transitions, since they

change the K value. Once we know these transitions, transition D can be derived and

confirmed.
nl
XF & o o o o o o
IF & =0 0 0 ¢ o
ol o ?o o 0 0 o
o1 2 3 4 5 s -

Figure 2.11: Energy level transitions.
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These are the basic ideas and techniques used in the Ritz program.

2.4.2 Giessen LOOMIS-WOQOOD

The Giessen LOOMIS-WOOD program was developed at the Justus Liebig University,
Giessen, Germany.

As introduced in the manual of this program [17], the principle of the LOOMIS-
WOOD program was first suggested by Loomis and Wood in 1928 [17]. The program
cuts the spectrum into segments of 2B, where B is the rotational constant. The
intensities of the lines are represented by the heights of triangles plotted on the screen.
With a suitable value of B, lines belonging to one series will appear as a vertical
line or at least as a recognizable curve, and can be assigned as a set of transitions
having the same values of all quantum numbers except J. Lines belonging to one
series can be recognized, tagged and written into a specified file. To compensate for
the convergence of the spacing in the R branch and the divergence in the P branch,
due to the inequality of B” and B, the starting wavenumber of the next row is not
equal to the last wavenumber of the current row. It is corrected, so that the peaks of
a series for which the constants are known appear as a truly vertical line.

The method of combination differences (CD) may be used to assign a series which
shares a common lower vibrational level with a well-known sertes. The differences
in wavenumber between transitions with a common lower state depend only on the
properties of the upper vibrational states. The method can be used to identify one
branch if you know the other one, or to confirm J's if B” is already known.

This program is implemented using the Pascal language on a PC.
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Chapter 3

System design

3.1 Methanol Spectroscopy Assignment Knowledge
Representation "

As mentioned previously, MOSAA! develbped in this thesis is a knowledge-based
system which can assist researchers in the assignment of the peaks of the molecules in
question by using the spectral information provided and a knowledge base containing -
known energy levels of the given molecules and the rules provided by the experts for
manipulating the information.

Knowledge representation is the basic and key part in system design. Only when
the method of transferring the knowledge of spectroscopic assignment has been settled,
can the knowledge-based system main components (i.e. knowledge base and inference
engine) be designed and implemented.

Rules together with their associated components (i.e. parameters, functions and
properties) compose the knowledge base which contains methanol spectroscopy assign-
ment knowledge in this thesis. The complete context-free rule grammar for MOSAA
is given in Appendix A.

IMOlecular Spectroscopic Assignment Assistant
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3.2 Parameters

Parameters are one of the most important concepts in the MOSAA system. A para-
meter is a structure that identifies or contains a piece of information that the inference
engine uses to arrive at a conclusion [21}].

Most parameters in the MOSAA knowledge base have a physical meaning in meth-
anol spectroscopic assignment. In this sense, parameters can be roughly classified into

three groups:

1. Parameters represent terms people use in methanol spectroscopic assignment.

For example:

Fir L _S_idx refers to the first line of “Three Line Group” in the current series

as introduced in section 2.3.

Cur Series.n, Cur Series.t, Cur_Series.K and Cur_Series.Symm represent

(n 7 K) and Symmetry of the current assigning series as introduced in section

2.1.1.
More of these kinds of parameters are explained later in this section.

2. Parameters are used for referring to some steps in the process of doing an as-
signment. For example:

When parameter Sec L.Found equals 1, this means the second line in the current

assigning series has been found.
‘When parameter P_Initial Assign is set to 1, the P initial assignment ( First

time K — P and P extension ) introduced in section 2.3 has been done.

3. Parameters are used to enable easy rule writing and for overall connecting and
consistency purposes. These are defined to assist in guiding the running of the

inference engine. Some examples are:
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Parameter TEMPI1 is used for reserving an integer value temporarily. The scope

of these “Temp” parameters is just within the current rule.

Parameters L1, L2, ...are used for the Match Property which is d;escribed in
section 3.4.
A Parameter also can appear as one of the following types in a rule:
Simple Parm -
Plain identifier; e.g.
Pro L, Fir L_S.idx, TEMPI1
Index Parm -
Plain identifier associated with an extra index; e.g.
Cur CD[0], CurCD[8] ...
This kind of parameter is not currently used {even Cur_CD[0] is shown here

only as example). The rule base is still under construction, and this parameter

type is kept for later convenience.

Field Parm -

Plain identifier associated with fields; e.g.

Cur Series.K, Cur Series.Symm ...

Index_Field Parm -

Identifier associated with index and fields; e.g.

Cur_R_Peaksf[i14] .wv, Cur.P_Peaks[0].intens ...

Each series has ‘R’, ‘P’, and ‘Q’ branches. Each branch has several lines, where

each line has several properties such as wavenumber and intensity.
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Cur R_Peaks[14] .wv records the wavenumber of the line whose index in ar-
ray Cur_R_Peaks is 14. Note that 14 here doesn’t mean that the line is the
14th line of this branch. The current top line’s index of this R branch is
in Cur R Series.top. Comparing with Cur R Series.top, we can know the
real position of this line in the branch. This is like a double pointer in com-
puter data structures. Fig 3.1 shows that when Cur R Series.top equals 9,
Cur.R_Peaks[14] .wv is the wavenumber of the sixth line in the R branch we

have found up to this point during the searching process.

Index J wv deltat delta2 intens comments

9, 1019.771244 1.391835 0.538795  Cur_R_Series.top
10. 1021.163079 1.374718 =-0.017117 0.463053

11. 1022.537797 1.357109 -0.017609 0.391154

12. 1023.894906 1.339657 -0.017452 0.384100

13, 1025.234563  1.322407 -0.017250 0.388059

14. 1026.556970 1.304775 -0.017632 0.385666 Cur_R_Peaks[14]
15, 1027.861745 1.287316 -0.017459 0.383996

16. 1029.149061 1.268753 ~-0.017563 0.391489

17. 1030.418814 1.252379 =-0.017374 0.412323 Cur_R.Series.bottom
18. 1031.671193  1.234256 -0.018123 0.292232 '

Figure 3.1: A sample used to explain Parm Cur R_Peaks[14] .wv,

For those parameters that have physical meanings, their values may be constants,
or can be deduced during program running. Thus, there is an “askable” property for
each parameter. If a parameter is askable, when its value is needed, the prompt is
used and the value is taken from the user’s answer.

Each parameter can also have its actual data type, such as integer, double, char,
string, according to its factual data type, and a stack data type defined for MOSAA
(for further details about the siack data type, see [13}).
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3.3 TFunctions

Several processes in methanol spectroscopic assignment can be done using functions
embedded in a rule.

Those functions can be classified into two groups: MOSAA functions and sub-
routines, There are no significant differences between these two types, just a trivial
difference in the appearances in rules, as well as the fact that subroutines have more in-
formation hidden and all the required mathematical functions are included in MOSAA

functions.

3.3.1 MOSAA functions

MOSAA functions can be classified into two groups:

normal MOSAA functions -
This kind of MOSAA function is almost identical to subroutines (see section

3.3.2) with the exception that it has a different appearance in the rule structure.

All mathematical functions belong to this type. For example:
== (Cur_Series.branch, "R~

The MOSAA function == does an ‘if equal’ operation. The above example has
the meaning : ‘if the current assigning part is the R branch of the current

assigning series’.

Other functions are used for special processing in running the inference engine,
which also has some physical methanol spectroscopic assignment meaning in

some sense. Function FOUND, for example, appears in the rule as:

FOUND Sec L. S_idx
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where Sec.1.S.idx is a parameter introduced in section 3.2.

This function searchs for parameter Sec_L_S_idx in working memory and returns
‘True’ if this parameter is found in working memory. The physical meaning for

this is: ‘if the second line (of “Three Line Group”) is already found’.

Fach normal MOSAA function returns one value, which can be any legal data
type defined. The values of some parameters may be modified inside a normal

MOSAA function, this causes the problem of information hidden.

MOSAA-function rule functions -

These functions are not written as normal C++ functions; they are actual rules

in the rule base. They are used (being called) as normal MOSAA functions.

To get one conclusion or to do one process, there might need to be several
conditions existing. We could, certainly, encode this information into a nor-
mal MOSAA function or subroutine. This is not so good for maintenance as

information is hidden too much.

As we mentioned in section 2.3, once we have three lines, we could do an expan-
sion. This means that we can search for the next line in a certain wavenumber
range and a certain intensity range. Sometimes, there are several candidates in
this range. Thus we have several rules for selecting the most probable line from

these candidates. Such a rule is shown below:

C_R200 IF < (ABS Biasi), ERROR_TOLERANCE

o

> (ABS Bias2), ERROR_TOLERANCE
THEN
Select Pkf_idx1, Pkf_idx2, Biasl , Bias2
& Set Returnli, Pkf_idxl
& Set Returnl2, Pkf_idx2
& BSet Did_Select, 1
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where Select Pkf_idx1, Pkf_idx2, Biasl , Bias2 selects one line (repres-
ented as Pkfidx1 or Pkf.idx2, which is the peak finder file index of the line)
according to its A2 bias with the previous line’s A2. One must pay attention
to the fact that, rules in MOSAA are order dependent. In this example, there
are several rules before C.R200, which also deal with Select. Only when those

previous rules have failed will this rule be tried.

Rule C_R200 showing here is a MOSA A-function rule. It is a function in fact.
Select is the function name and Pkf.idxl, Pfk_idx2, Biasi, Bias2 are 4
arguments of this function. Function Select can be called in the same way as
calling normal MOSAA functions. If a normal MOSAA function (written in
C++) is written for Select instead of using MOSA A-function rule C.R200, the

selection process information will be hidden.

Each MOSAA-function rule function can return more than one value, which can
be any legal data type defined. These return values are put into parameters
ReturnIi, Returnl2 ...as shown in rule CR200. A MOSAA-function rule
function also may modify some parameters, but these modifictions are visible to

the user.

Section 3.7.2 also gives some discussion about how these MOSAA functions are

. used in the rule structure.

3.3.2 Subroutines

Subroutines are normal functions written in C++; they are one of the components of

rules. Subroutines have very close resemblance to MOSAA functions when used in a

Subroutines usually perform processing where information can be hidden. File

access, user interface, and other modules which are difficult to code in rules are coded

in subroutines.
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Subroutine show_sh shows already assigned lines in the current series in spread-
sheet style. _

Subroutine main_preprocess does the main preprocess work of setting the work-
ing memory enviroment and the initial values of several parameters, to be ready for
starting a spectroscopic assignment.

Subroutine get_click peak returns the wavenumber of a line picked by the user
in a graphical spectrum window.

Each subroutine returns one value, which can be any legal data type defined. The
values of some parameters may be modified inside a subroutine, this causes same

information hidden problem as normal MOSAA function.

3.4 Properties

Properties are associated with rules, and they give some additional control to the
running of the inference engine, or make it easier to write or read some rules.
Here is a brief description of property MATCH. When a rule has a property such

as:
MATCH L4, S_idx
then, besides the parameter L4 being assigned the value S_idx, the other six L
parameters-

Lo, L1, L2, L3, LS, L6

are automatically assigned to

S_idx-4, S_idx-3, S_idx-2, S_idx-1, S_idx+1, S_idx+2

respectively. This makes writing current rules easier, and makes them more readable.
Some other properties are very important in running the inference engine, and section

4.5 gives further details.
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3.5 Explanation

The explanation part of a rule gives a brief English description of what this rule does.
It explains the rule from the molecular assignment viewpoint, and is also used by the

“Explanation Facility” during running of the inference engine.

3.6 Rules

The basic component of the MOSAA knowledge base is the rule base. Rules in
MOSAA are written in plain ASCII characters and contained in file _.rule .

3.7 Raule structure

As mentioned in section 1.1, rules in the MOSA A KBS also have a normal IF-THEN
structure with extra Property and Explanation parts. Fig 3.2 shows the MOSAA
rule structure.

Fig 3.3 and Fig 3.4 are two sample rules from the rule base.

3.7.1 Rule categories

label in fig 3.2 contains the ruledid and the group this rule lies in. MOSAA rules are
categorized into three groups: G-Goal , C-Consequence and A-Antecedent rules.

There are no major syntactical differences between these three types of rules, but

‘in the inference engine, different kinds of rules act very differently. Section 4.2 gives

a brief description about the role of each rule type in the inference engine.
rule_id shows the identification number of a rule; it can be any integer number

which is in “int” range.
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label IF conditiony

condition,
et Premise
condition,,
THEN conciu,
conclug
s Conclusion
concliu,
# prop
props
. Property
propy
/¥ Explanation

Figure 3.2: Rule structure.

3.7.2 Conditions

condition in the Premise can be one of the following clauses: |

single parameter -

If the parameter’s value is known and # 0, this condition becomes true.

MOSAA function -

If this MOSAA function returns a value # 0, this condition becomes true.

condition_l in fig 3.3 calls 2 MOSAA function condition. < is the name of the
function, and the following two symbols Cur R_Series.top and

Cur R.Series.top_of _three are two arguments of this function. The argument
can be a single parameter, an expression, or even a bracketed MOSAA function

or subroutine.
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C_R38 IF < Cur_R_Series.top,Cur_R.Series.top_of_three
[Ycondition_1%/
& FOR i= Cur_R_Series.top_of_three-i;
Cur_R_Series.bottom_of_three /Ycondition_2%/

{

Transfer_Line R_To P i /hloop_clause_1%/
& Transfer Line R_To_Q i /lloop_clause_2V%/
& TUNFOQUND R_To_Q_Pro_L /Yloop_clausae_3%/
¥

& FOR i=Cur_R_Series.top_of_three;
Cur_R_Series.bottom_of_three /[Ycondition_ 3%/

{
RPQ_Confirm i
¥
THEN
= Transfer_TJ_To_P, 1 : /hconclu_1%4/
f*
IF there are already four R branch lines which includes

three_lines and one line above the top of the
three_lines

AND
from these four R branch lines, can find corresponding
P and ) lines

AXD
using these R, P,Q branch lines, we have confirmed
three_lines

THEN

Transfer three_lines to P has been done

*/

Figure 3.3: A sample consequence rule.
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C_R250 IF UNFOUND Stop_Transfer
& UNFOUND Cur_Series.K
& == Search_Dire, P
& Set Pkf_idxl, ( $$get_P_from R{(Cur_R_Peaks[S_idx].wv,
Cur_R_Peaks[S_idx].J)) /Ycondition_4%/
& Pki_idxl
THEN
Set TEMPI1, S_idx+2
Set Cur_P_Peaks[TEMPI1].pkf_idx, Pkf_idxi
Set Cur_P_Peaks[TEMPI1].J, Cur_R_Peaks[S_idx].J+2
= Cur_Found_P_Line, TEMPI1 -
Transfer_ Line R_To P S_idx
/* IF Transfer has not been stopped
AND Current series’ K value is already known
AND Searching from R branch to P branch
AND calling subroutine “get_P_from R’ has found the
correspending P branch peak for R branch peak S_idx

L

THEN

this MOSAA-func rule is true (Transfer_Line_R_To_P S_idx).

AND

record corresponding information for this current found
P branch peak. Since Cur_Found_Line P _Line value is

Y o

determined by “=" instead of “Set’, it may invoke antecedent

rules to do further processing

Figure 3.4: A sample MOSAA-function rule.
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Table 3.1: The three types of loops.
loop condition value
FOR During the loop, anytime the loop body fails
the condition fails
ANYIF | During the Joop, anytime the loop body succeeds
the condition becomes true
DO Just execute the clauses in the loop body;
the condition is always set to be true

loop_clause_1 calls a special kind of MOSA A function, which in fact isa MOSAA-
Junction rule function., This kind of MOSAA function is not a C++4 function;

instead it is a consequence rule and can only be a consequence rule.

Fig 3.4 shows this MOSAA-function rule. Conclusion condition
Transfer Line R_To P S.idx shows this is a MOSAA-function rule. We can
see that for the caller, loop.clause_1 in CR_38 condition_2, there is no difference

in calling a normal MOSAA function, or a MOSAA-function rule function.

subroutine -

If this subroutine returns a value # 0, this condition becomes true.

A subroutine condition is similar to a normal MOSAA function condition, with

a trival difference in format.

loop - _
Loop is a special type of condition. Each loop has a head part and a body part.
The head part shows the loop type and sets the start value, end value and step
value of the loop variables. The body part is a group of clauses, which can be

one of the three previously introduced conditions. When all the clauses in the

loop body are true, this loop body becomes true.

:é There are three kinds of loops, and Table 3.1 gives a brief description of them.

An example showing the FOR loop is given previously in Figure 3.3. There are

three loop clauses inside the first FOR loop body. Only when these three loop clauses
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are always true stepping through the whole loop, this loop returns true. In any step,
as long as one clause fails, this FOR loop returns false. _

If we change this loop from FOR to ANYOF, as long as these three clauses inside the
loop body all become true in one step, this loop returns true.

DO loop always returns true,

3.7.3 Conditions of conclusion part

concly; in Conclusion can be one of the following clauses:

MOSAA function -
If the MOSAA function is a normal one, simply call it to do the corresponding
process. If it is a MOSAA-function rule function name, which means the current

rule itself is a MOSAA-function rule being called, theﬁ.do nothing.

For example, rule C.R250 in Fig 3.4 is a MOSAA-function rule. Conclusion
condition

Transfer Line R _To P S.idx shows this is a MOSAA-function rule. This rule
is tried when the MOSAA function name appears in some other rules, such as in
C_R38. When this rule is fired, it is as if the MOSAA function is called. There-
fore, all the other conditions in the conclusion are done, except the MOSAA-

Junction rule function condition.

subroutine -

Call this subroutine.

loop -
Do this loop {can only be FOR or DO).

All the parameters appearing in the conclusion must already be known; otherwise

an error message is provided.
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Chapter 4

Inference Engine

The MOSAA system inference engine combines backward chaining and forward
chaining, as well as two special mechanisms TRY and restart. Appendix C of the

MOSAA Developer’s Guide gives diagrams of this inference engine [13].

4.1 Working memory

Working memory {WM) in knowledge-based systems can also be called the fact base
which stores current facts in a certain way.

WM in MOSAA stores current values of parameters. The inference engine puts
the value of a parameter into WM when the value of this parameter is determined or
modified; it searches for the value of a parameter from WM whenever pit needs the
‘value of this parameter.

Due to the special mechanisms TRY and restart {discussed later in section 4.5),
certain states of WM must be stored for future usage. WM store is used to save the

working memory in difference states while running the inference engine.
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4.2 Three types of rules

As we mentioned, there are three groups of rules in the inference engine, and each

group has a different role.

1. Goal Rule

The goal rule starts the inference engine by trying to determine if the premise

in the goal rule is true.

Fig 41isa goal rule which starts the whole assignment engine. At first it does

several initial processes. If these finish successfully, it then tries to determine if

parameter A11_Assign Done is true, which starts the whole engine.

G_R1 IF $main_preprocess()
& All_Assign Done _

THEN
$final_step() ;

Figure 4.1: A sample goal rule.

2. Consequence Rules

Consequence rules are used in the backward chaining. When the inference engine

needs to determine a parameter’s value, the consequence rules are tried one

by one. The consequence rule is tried only when it has a MOSAA function
or subroutine condition, which can determine the inquiring parameter’s value

(modify type of this parameter must be ‘r’). -

Rule CR38 in Fig 3.3 is a consequence rule. When the parameter Transfer.TJ to P
value needs to be determined, C_R38 is tried, since there is a MOSAA function ‘=’

in the conclusion which can determine the value of parameter Transfer TJ. to P.
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If the current fired consequence rule determines or modifies a parameter {the
modify type of this parameter in its MOSAA function or subroutine must be ‘r’

or ‘m’), forward chaining is invoked.

3. Antecedent Rules

Antecedent rules are used in forward chaining. Once a parameter’s value is
determined or modified during or after doing the conclusions of one rule (which
can be a Consequence or Antecedent rule), the forward chaining is invoked. An
antecedent rule is tried when its premise has the parameter whose value has just

heen determined.

As long as one antecedent rule is fired, no more antecedent rules are going to

be tried, unless being forced by the Relative property.

When there are any unknown parameters in the premise, this rule is skipped,

unless it has the INVOKE property.

As for a consequence rule, when the current fired antecedent rule determines
or modifies a parameter, more forward chaining is invoked. Otherwise, the

inference engine returns to backward chaining.

Fig 4.2 shows an antecedent rule. During the inference engine running, once
the value of parameter Fir L_S_idx is determined, several antecedent rules are
tried. A_R3 is one of those antecedent rules to be tried. If both of the conditions
in the premise are true, this rule is fired, and the corresponding conclusions are

done.

4.3 History tree

The history tree in MOSAA records the main path of the inference engine deduction.
In the MOSAA inference engine, the history tree is used not only for the explanation
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AR3 IF  Fir_L_S_idx
| & UNFOUND ROUGH_2B

THEN
Set TEMPI1 , Cur_Peaks[Fir_L_S_idx].pkf_idx
& Set Cur_Peaks[Fir L_S_idx].wv , PKF[TEMPI1].wv
& Set Cur_Peaks[Fir_L_S_idx].intens, PKFITEMPI1].intens
& Set Cur_Peaks[Fir_L_S_idx].series_no, Cur_Series_HNo
& Set Cur_Peaks[Fir_L_S_idx].zone_no,

($get_zone_no(TEMPI1) )
&  $show_peak(TEMPIi)
/*IF Find the first line
THEN
set the corresponding value to the parms

+/

Figure 4.2: An antecedent rule: A_R60.

fa,cility, it is also very important for one special mechanism called TRY, which is
discuésed in section 4.5.

From each goal rule, the inference engine starts building a history tree. There are
two kinds of nodes in the tree; a consequence history tree node and an antecedent
history tree node. An example architecture of a history tree is shown in Fig 4.3.

As shown in the figure, each node has a unique pos number. The pos number
increases as the deduction process proceeds. Main nodes in the tree are consequence
history tree nodes, where each node can have several antecedent history tree nodes
associated with it. Due to the inference engine complexity, where forward chaining
also could invoke backward chaining as mentioned in section 4.2, the building of
history tree nodes stops at antecedent history nodes. This means that even though an
antecedent rule could invoke a consequence rule, it won’t build consequence history
tree nodes as branches under it. This will canse some loss of information, but this
situation only happens when the INVOKE property is used (refer to section 4.5}, which

is seldom used.
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| C_R1, pos=1, —I

¥
| CRr, pos=2,‘|
\
A_R1
y
IC__R26, pos=3, l
1 C_R25, pos=4, .] [C_R28, pos=.,.]
| C_R6, pos=5,.. |
‘ \ |
| C_R7, pos=6, | C_R19, pos=.., 3
|C RS, pos-‘a' | C_R7, pos=6, I _| C_R7, pos=6, ..

¥

- (AR3) @—{A_RGHA_R?)

Figure 4.3: Example architecture of a history tree.

4.4  monstor, findout and “WM store’.

MOSAA uses the backward chaining algorithms of monitor and findout.

The goal rule starts the whole inference engine by invoking the monitor algorithm.
.The monitor algorithm tries to judge if conditions in the premise of the goal rule are
right or not. In order to do that, all the parameters in the goal rule must be known,
which initially is impossible, and thus algorithm findout is invoked.

findout looks up the whole consequence rule base; when the conclusion of a con-
sequence rule has a function (MOSAA function or subroutine) which can deduce the

value of the parameter searched, this rule is tried as we mentioned in section 4.2.
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To try a consequence rule means that a lower layer mechanism monitor is invoked
for determining if this rule can be fired or not. monitor may invoke findout again in
order to get the value of parameters needed.

As mentioned in section 4.1, for later restart and TRY purposes, WM as well as
its corresponding position number in each stage is stored in WM store. This process,
recording WM in corresponding positions, is done whenever monitor is invoked to
judge if one rule is true or not. If this rule fails, before getting out of the current
monitor, the corresponding position’s WM is deleted from WM store. When this
rule is successfully fired and all the conclusions have been made, the corresponding
position’s WM is also removed from WM store. Fig 4.4 shows the situation changing

in WM store during a simple deduction process.

4.5 Special properties

Besides the basic backward chaining and forwarding chaining, some special properties

of rules also control the inference engine running,.

4.5.1 MATCH

MOSAA is used for assisting in the assignment of spectroscopic lines. Quite a few
rules in the knowledge base deal with the relationships among several neighboring
lines. To make writing rules easier, and make them more readable, property MATCH is
used.

When a rule has a property such as

MATCH L4, S.idx

then, besides the parameter L4 being assigned the value S_idx, the other six L para-

meters

Lo, Li, L2, L3, L5, L6
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History Tree

C_ Rl pos=1

WM store

WM-- pos=2

WM. pos=1

C_RZ pos=2

i

C_R10 pos=3

a) starts to ry C_R2

b) starts to try C_R10

WM-- pos=2

WM-- pos=1

C_R2 pos=2

WM-- pos=3

WM-- pos=2

C_R26 pos=3

WM-- pos=1

C.R1 pos=1

c) C_R10 fails

b) starts to ry C_R26

C_R2 pos=2

WM-- pos=2

¥

WM-- pos=1

C_R26 pos=3

'Ie) C_R26 succeeded, retumn

Figure 4.4: WM store during deduction.
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are automatically assigned to

S_idx~4, S_idx-3, S_idx-2, S.idx-1, S_idx+1, S_idx+2

respectively.

4.5.2 INVOKE

This property can only appear in an antecedent rule. Normally the rule is skipped, if
it has an unknown parameter. If the rule has this INVOKE property, ‘simple’ backward
chaining is invoked to try to determine the value of this unknown parameter. The
reason that we call it ‘simple’ backward chaining is that no forward chaining is invoked

during this ‘simple’ backward chaining.

4.5.3 Relative

This property can only appear in an antecedent rule. It can be

Relative ‘A’, rule_td [ [first case

or

Relative ‘C’, rule.id  [/second case

When a rule with such a property is fired and all the conclusions are done, in the
first case, the corresponding antecedent rule with that rule.id is invoked. For example,
Fig 4.5 shows a group of A_R rules. |

This group of antecedent rules are used to do the processing after the second line
of the “Three Line Group” has been found. If A_R4 is fired, A R6 and ARYT are

successively tried.

The second case invokes a special mechanism restart. Once the consequence rule
with rule_id is the ancestor of the consequence rule which invokes the current ante-

cedent rule, the inference engine will restart from that particular point. The complete
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A_R4 IF Sec_L_S_idx

THEN
Set TEMPI1, Cur_Peaks{Sec_L_S_idx].pkf_idx
Set Cur_Peaks[Sec_L_S_idx].wv, PKF[TEMPI1].wv
Set Cur_Peaks[Sec_L_S_idx].intens, PKF[TEMPI1].intens
Set Cur_Peaks[Sec_L_S_idx].series_no, Cur_Series_No
show_peak (TEMPI1)
Set Top_L_S_idx, (Minimum Fir_L_S_idx, Sec_lL_S_idx)
Set Bottom_L_S_idx, (Maximum Fir_L_S_idx,Sec_L_S_idx)
# Relative A", 6
& Relative ‘A", 7

A il

A_R6 IF Sec_L_5_idx
& > Cur_PeaksfBottom_L_S_idx].wv, 0
& > Cur_Peaks{Top_L_S_idx].wv, O
THEN
Set Cur_Peaks[Top_L.S_idx].deltal,
Cur_Peaks [Bottom_L_S_idx].wv-Cur_Peaks[Top.L_S_idx].wv

A_R7T IF Sec_L_S_idx

THEN
REMOVE Search_Zone_No
REMOVE S_Low_Range
REMOVE S_High_Range
REMOVE I_Low_Range
REMOVE I_High_Range

PR R R

Figure 4.5: A sample of using property Relative “A°, x.
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environment (the value of all parameters) are reset at that point, except for some para-
meters whose values are reserved by the MOSAA function RESERVE. Fig 4.6 shows an

example.

C_.R13 IF FOUND Sec_L_S_idx
& TUNFOUND Thi_ L_S_idx

= Thi L_S_idx, TEMPI}

C_R18 IF Thi.lL_S_idx
THEN
= Thi_L_Found, 1

C.R105 IF UNFOUND Thi_L_S_ idx
THEN
= Thi L_S_idx, 0

A_R32 TF 'Thi_L_S_idx
& Set TEMPI1, ( Pop_Line Line_Reserve_Stack, Sec_L_S_idx )
& TEMPI1
THEN
Set Cur_Peaks[Sec_L_S_idx].pkf_idx, TEMPI1
= Sec_L_S_idx, Sec_L_S_idx /%just for invoking purposes’/
RESERVE Cur_Peaks[Sec_L_S_idx].pkf_idx
RESERVE Cur_Peaks[Sec_L_S_idx].zone_no
RESERVE Sec.L_S_idx, “y’
& RESERVE Line_ Reserve_Stack
#Relative "C", 18

& k&

Figure 4.6: An example of using property Relative “C7,x.

Basically, C.R18 tries to find the third line of the “Three Line Group”. If CR13
fails, parm Thi_L_S_idx is not determined; then the premise of C_R105 becomes true
and C_R105 is fired, thus invoking antecedent rules. If A R32 is fired, which means that
there are some other second lines that can be used, after some processing, the inference

engine restarts the deduction from the consequence rule C_R18. All the modifications
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of the parameters which were done up to this point are removed, and since we want
to keep the information that another second line has been chosen, ‘RESERVE’ is used

to save the new second line information. The history tree in Fig 4.7 illustrates this

process.

] 1 1 1 ]

1 1 1 [ ] 1

1 1 1 [ ] ]

1 1 ] [] ]

i 1 ] [ ] ]

: ! ! ! !
C_RI8 C_Ri18 _ C_R18 C_R18 C_R18

r
C_R13 C_R105 C_R105 i
i

(a) (b) (¢) (d) - (e)

Figure 4.7: History tree illustrating the process of using rules in Fig 4.6.

To implement this ‘restart’; WM store and a restart_stack are used.

During the deduction, before trying a candidate consequence rule, properties of
this rule are considered. When this rule is a relative rule of some antecedent rules,
it has an ‘ISRELATIVE’ property assigned in the MOSAA preprocess as will be
mentioned in section 5.2. Therefore, the position number with the rule id of this rule
is pushed onto the restart_stack. If later this rule is successfully fired and all the
conclusions have been done, and it is ready to return back to the higher rule which
invoked it, this rule is removed from the restart_stack. If the rule fails, it is removed
from restart_stack as well.

Fig 4.8 shows relative situations for explaining the restart process. In Fig 4.8
b}, assume that C_R30 determines a parameter and invokes an antecedent rule. This
antecedent rule has a relative rule which is C_R2. The MOSAA inference engine looks
up in the restart stack and finds rule2 with its position number. Therefore the restart

position is 2 and the inference returns to that point; the current WM is reset by WM
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History Tree restart stack WM store

C_R1 pos-1 |
*C_R2 pos-2
/ WM-- pos4
| *C.R10 pos-3 | o ; WM- pos3
P WM-- pos2
R2 pos-2
I C_R12 pos-4 | WM-- posl
a) starts to try rule C_R12
| C_R1 pos-1
*C_R2 pos-2 |
/ \ WM-- pos15
| *C_R10 pos -3 | I C_R20 pos -1_0—| WM-- pos10
\ / \ WM-- pos2
R3O _pos -15! R2 pos-2 WM-- posl
b) C_R10 branch successfully fired, starts try C_R30
| C_R1 pos-1 |
l WM-- pos2
*
| C_RZ pos-2 | RZ pos.2 WM-. pos
¢) after restart rule C_R2
D ------------- a sub-tree
L a rule with ISRELATIVE property

Figure 4.8: The restart process.
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with position number 2 from WM store, and the deduction restarts from this point.
Now assume in Fig 4.8 b), the antecedent rule invoked by C_R30 has a relative rule

C.R10. Since there is no rule 10 in the restart stack, which means rule C_R10 is not the

ancestor of rule C_R30, restart can’t be invoked. MOSAA will give an error message

if this situation occurs. The rule base must be written so as to avoid this situation.

4.5.4 TRY

‘This property can only appear in a consequence rule. The basic idea is that, once a
consequence rule is fired, the conclusion may have more than two choices. If, later
on, the inference engine gets stuck, it can come back to make another choice.

CR9 is a rule with the “TRY” property, which determines the search range for
the second line of the "Three Line Group” (see Fig 4.9). Once C_R10 (which invoked
C_R9) fails, the environment is reset, and the inference engine can come back to pick
another choice of the search range.

To implement this TRY property, the WM store, History tree and TRY store are
used.

Except for the basic information stored in the history tree as mentioned in 4.3, spe-
cial tags are used in consequence history tree nodes for property TRY purposes. When
a consequence rule is successfully fired, if it has the TRY property, tag T is assigned
to the corresponding consequence history node. In the mean time, all consequence
nodes in the path from this node to the root are assigned the tag G.

A TRY store is used to store TRY information. Each item in the TRY store has
the structure as shown in Fig 4.10.

When only one rule such as C_R9 has the TRY property, the implementation is
simple. If there are several rules having the TRY property, they may be in the same
history tree, and we need to decide the consequence of the rules to be tried.

To explain the implementation of property TRY, a group of sample rules in Fig 4.11

are used. These rules are not the real rules in the rule base, since real rules are too
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C_R9 IF FOUND Fir_L_S_idx
& UNFOUND Sec_L_S_idx
& == Cur_Series.branch, ‘R~
THEN
= BSearch_Zone No, Cur_Peaks[Fir_L_S_idx].zone_no+1

& Set TEMPI1, Search_Zone_No-1
& Set TEMPD1, Cur_Peaks[Fir_L_S_idx].wv
+ Zone_Area[TEMPI1].av_sp

& = BS_Low.Range, TEMPD1 - S_RANGE1

& = §S_High Range, TEMFD1 + S_RANGE1

& I_Low_Range, Cur_Peaks{Fir_L_S_idx].intens - I_EXT

& = I_High. Range, Cur_Peaks[Fir_L_S_idx].intens+I_EXT
#TRY

{

= BSearch.Zone_No, Cur_Peaks[Fir_L_S_idx].zone_no-1
& Set TEMPD1, Cur_Peaks{Fir L_S_idx].wv
- Zone_Areal[Search_Zone_No] .av_sp

& = GS_Low_Range, TEMPD1 - S_RANGE1

& = S_High Range, TEMPD1 + S_RANGE?1

& I_Low_Range, Cur Peaks[Fir_L_S_idx].intens - I_EXT

& = I_High Range, Cur_Peaks([Fir_L_S_idx].intens + I_EXT
}
/%_ P39 R38,39

IF first line of three lines is found(!=0)

THEN  search the second line in the zone preceding the current
zone (zone which first line lies in),the wv search range
for this is the first line - the distance between two
zones +-S_RANGE1 ( which is the search extension)
the intens of the second line must be in range intens of
the first line +-I_EXT

Property

also can try:

search the second line in the zone following current zonea
(zone which first line lies in),the wv search range for
this is +the first line - the distance between two zZones
+-5_RANGE1 ( which is the search extension)
the intens of the second line must be in range intens of
the first line +-I_EXT

*f

Figure 4.9: A sample rule using the TRY property.
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pos rule iry_num trys pre_try

rule - points to the corresponding consecquence rule
try_num -- the number of TRY properties in this rule

trys -- anarray containing points which point to TRY conclusion
clauses in this rule

pre_try -- the previously tried conclusion clause

Figure 4.10: The structure of an item in the TRY store.

long and complicated to be demonstrated here.
Fig 4.12 a) is the history tree. During the deduction, when tule C.R4 is fired,
its conclusions are done. Since this rule has the TRY property, the corresponding

information is pushed onto the TRY Store, which is the bottom item in Fig 4.12 b).

‘The try link contains TRY #1. pre_try points to the original conclusion part (#orig)
since no TRY has yet been carried out.

Rules C_R6 and C_R2 succeed one after another. This results in the TRY Store as
shown in Fig 4.12 b).’

Whenever a rule z which has the TRY property is successfully fired, tag ‘T2’ is
added to the corresponding node in the history tree. All the antecedents of this node
in the history tree have a ‘G2’ tag added. The tag is always added to the head of

the existing tag list. As shown in Fig 4.12 a), node pos-2 in the history tree has tag
(G2-G6-G4, due to successfully firing rules C_R4, C_R6 and then CR2. Node pos-4 has
a tag ‘T4’ since rule C_R4 has the TRY property.
Suppose now the inference engine is trying branch B2, which is condition func{X,Y,Z2).

At this point, the try store is as shown in Fig 4.12 b), where node #orig is the original
conclusion, and #1 is the first try clause as shown in the rules (Fig 4.11). Now X, Y,
Z have values as the first row (Orig try) in Table 4.1. If func(X,Y,2)is‘'Y > Z > X,
condition B2 is satisfied and rule CR1 is fired. If func(X,Y,Z) is something else such
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C.R1 IF I= A, 0 C_R4¢ IF == user_input, 'Y’

& func(X,Y,2) THEN
THEN =C, 1
conclusien E =2, 4 [l¥origl/
# TRY
{ =¢,1
C_R2 IF > B, 3 & =17, 3
& =D, 0 } 14 &1 %/
THEN
= A, t C_R5 IF > Y, 0
& =X, 3 [l#origi/ THEN
# TRY = D, 100
{ =4,1
=X, 4
¥ 14 #1 9%/ C_R6 IF == user_input, “IR’
& TRY THEN
{ =4, 1 = Y, 6 [l#origh/
g=X,5 # TRY _
} 1% #2 %/ { =14v,5
} et/
& TRY
CR3 IF ==¢, 1 { =Y, 4
THEN } 1424/
=B, 4

Figure 4.11: A group of hypothetical rules used to illustrate the try process.

as ‘X=Y=2’, condition B2 is not satisfied and rule C.R1 is going to fail.

Before we give up on this rule, we look up in the history tree to see if any of its
descendants can be tried. As seen in Fig 4.12 a), node C_R1 has tag G2-G6-G4, which
means there are several other choices to try. G2 is used first, thus the rule in pos-2
(i.e. C.R2) is going to be tried and flag TRY is set here!.

Before TRY starts, the whole inference engine restarts from this point (pos-1).

!When the TRY flag is on, one rule ahead is going to be tried (in this case, rule CR2 is the rule
to be tried). The TRY flag will be switched off when deduction gets to TRY rule ¢ R2 and has
finished deing TRY conclusion.
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C_R1 pos-1
G2-G6-G4 : TRY Store
i — -#1 #2
C R2 pOS-2 #1,#2 POS—2 R2 (2 tl'y -
G2-G6-G4 pre_try’ Horig
/ \ wy T ]
pos-6 (RS |2 . Yori
C_R3 pos-3 C_R5 pos-3 pre_try —>|_o_r1g_|
G4 G6 pos-4 [R4 {1 fry __h@
1 pre_try 1—{ #orig|
C.R4 pos-4 |#1] C_R6 pos6 | #1
T4 Té
a) History tree after C_R2 succeeds. b) initial try store (no try has been done)
TRY Store TRY Store
wy T w T A
pos-2 [R2 [2 pos-2 [R2 12
pre_try pre_try = [4]
wy T TFU#2 try ——>
pos-6 |[R6 |2 pos-6 {R6 |2
T T e
4 |R4 |1 ] i ——
pos- pos-4 [R4 11
ey | o] X ey
¢} try store after using #1 as C_R2’s d) try store after using #2 as C_R2’s conclusion
conclusion.
TRY Store
C_R1 pos-1
G6-G4
oy T 2]
pos-6 |R6 {2
¢) history tree after C_R?2 fails, pre oy [&1
due to the fact that no try is available try [E]
for C_R2 in the TRY store pos-4 RAILE e try
| prectoy—
f) try store when try #1 of rule CR_6 is used as
conclusion

Figure 4.12: TRY process.
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TRY Store TRY Store
3 ks by 17 pos2 [R2 2 T A
pos-
v ]+ fos] pely]
os-6 [R6 |2 —2L ] " ey A
P pre._tey {2 ] pos-6 [R6 |2
— w7 pre.try T[4
pos-4 R4 11 try 4 [ra |1 try A
- pos-
bre. ty pre_try [T
g) #2 of C_RG is used as the conclusion for h) #1 of C_R4 is used as the conclusion for
C_R6 now, and since C_R2 succeeds, its C_R4 while #2 of C_R6 is used as the

try cases are stored in the TRY store. conclusion for C_R6. #2 is used as the

conclusion ag C_R2. If branch B fails still,
no iry can be used any more.

Fig 4.12 (continued)

This process is similar to the restart mechanism. WM is reset, and the corresponding
environment including the history tree is reset.

The deduction restarts from C_R1 (pos-1). The premise of Rule CR4 is true.
Although now TRY is on (TRY flag is on) and rule C.R4 has the TRY property,
since CR4 is not the rule to be tried this time (rule CR2 is the rule to be tried
as defined previously), the conclusion part pointed to by pre_try in the TRY Store
(which is #orig for rule C_R4) is used. Therefore, Z is set to be 4 as before. The same
process is done in Rule CR6 (pos-6) and Y is set to be 6 as before.

The deduction in the history tree comes back to CR2 (pos-2). Two conditions of
the premise of C.R2 are true (due to the same deduction path followed so far). C.R2
is the rule to be tried, the conclusion now to do is #1 according to the TRY Store
instead of #orig, and the TRY Store becomes as shown in Fig 4.12 ¢). X becomes 4
and flag TRY then is switched off.

At this point, X, Y, Z are as shown in the second row (1st try) in Table 4.1, If
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Table 4.1: Values of X,Y,Z in each try.

Try [ X|Y|Z
Orig |3 |6 | 4
st |4 |16 |4
2nd |5 |6 |4
3rd |3 |5 |4
4th 14 |5 |4
5th 15 |5 |4
6th 13 |4 14
Tth (4 [4 14
8h (514 14
9th |3 16 |3
10th [4 {6 |3
11th |5 16 |3
12th |3 {5 |3
13th |4 |5 |3
14th [5 |5 [ 3
15th |6 [5 |3
16th [3 |4 |3
17th (4 |4 [ 3
18h |3 |4 |5

func(X,Y,2) is something like ‘X = Z AND Y > X’, rule C_R1 is fired. Otherwise,
another TRY is invoked and Fig 4.12 d) shows the results in the TRY Store after try
#2 of C_.R2.

When branch B2 (function func(X,Y,Z)) still fails, TRY is invoked once more.
When it gets back to pos-2, no more TRYs can be obtained from the TRY Store.
Therefore rule C_R2 fails and no relative tags (T2, G2) are set in the history tree. The
sub-tree from pos-2 is cut from the history tree due to the failure of ¢_R2.

The history tree now is as'shown in Fig 4.12 e). The head of the tag list for node
pos-1 now is G, and according to this, pos-6{C_R8) is going to be tried. TRY starts
and gets C_R6 (pos-6). Since this is the rule to be tried, TRY #1 of rule C_R6 is used
as the conclusion instead of the original conclusion #orig, which sets Y to be 5. The
TRY Store then is as shown in Fig 4.12 f), and, since TRY succeeds, TRY then is
switched off.
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The deduction then gets back to rule C.R2 (pos-2). Now flag TRY has been
switched off, and the process for C.R2 is the normal case. Therefore, the TRY inform-
ation of C_R2 is pushed into the TRY Store as shown in Fig 4.12 g) and the history
tree becomes the same as in Fig 4.12 a). ‘X, Y, Z’ now have the values shown in the
‘3rd try’ row of Table 4.1.

If func(X,Y,2) is ‘X > Y > Z’, this means all the combinations of ‘X, Y,Z in
Table 4.1 before the last row won’t satisfy it. Then branch B2 fails all the time, and
CR1 finally gets to the last TRY. The TRY Store is as shown in Fig 4.12 h). Now ‘X,
Y, 7’ have the values shown in the 18th try in Table 4.1, and it satisfies ‘X >. Y > 2%
thus rule C_R1 is fired.

If func(X,Y,2) is ‘Z > Y > X, which can’t find any satisfactory combinations
of ‘X, Y, Z’ in Table 4.1, rule C_R1 finally will fail when all the TRYs in the TRY store
have been used up. ;

As long as one of the TRY cases makes B2 true, C.R1 becomes true.
4.5.5 Mixing TRY and Relative

One must be very careful when mixing the TRY and Relative (restart) properties,
since after restart, the deduction path may be changed by the parameters which are
reserved, which can make ‘TRY’ fail. We will use an example to briefly discuss this
problem; Fig 4.13 gives a group of hypothetical rules used to illustrate this.
Assume that the inference engine wants to determine the value of parameter

Final Parm. Up to this point, we say the environment is environmentl. The deduction
path at first is as shown in Fig 4.14 (a). Rule CR3 is fired, and CR4 is tried to
determine the second condition of C_R2. C_R4 fails since Parm.A is less than 10. Then
CR5 is fired, parameter Parm B is determined to be 0 and this invokes AR1. ARl
is true and the property: #Relative “C”, 2 restarts the deduction from C_R2. This

time, Parm A is already known (is set to be 12 by A_R1) since it was reserved by AR1,
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C_R1

C_R2

C_R3

C_R4

C_RE

C_R8

IF

THEN

IF

THEN

# TRY

IF

THEN

IF
THEN

IF
THEN

IF
THEN

Parm_C
== Parm_C, 2

= Final_Parm, 1

= Parm_.C, 1
{ = Parm_C, 2}

function.1

Parm_A, 2

> Parm_A, 10

Parm_B, 4
UNFOUND Parm_B

= Parm_B,0

A_R1 IF !parm_B
THEN
= Parm_4A, 12
& RESERVE Parm A
#Relative "C", 2

UNFOUND Final_Parm

= Final_Parm, 0

Figure 4.13: A group of hypothetical rules used to illustrate the problem of mixing
the use of ‘Relative’ and ‘TRY".
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and the deduction path changes to look like Fig 4.14 (b). Now, C_R4 succeeds and

determines Parm B, which makes the left-hand-side of C_R2 become true, and Parm.C

is set to 1.
CRI1 C R1
CR2 C.R2
C R4
CR3 C_R4
(a) (b)

Figure 4.14: Simple deduction paths for the rules of Fig 4.13.

Returning to CR1, condition 2 fails, before CR1 fails, and the engine starts to
search for “TRY” in C.R1’s branches, and finds one in C_R2. The environment is reset
as at the very beginning (environmentl), and the engine starts deduction from C_R1
again. The deduction path now becomes Fig 4.14 (a) again, while it should be the
same as Fig 4.14 (b). Since the deduction path changes, “TRY” fails.

This case which mixes the TRY and Relative properties should be avoided when
adding or modifying rules in the rule base. When a TRY rule is the Relative rule of

an antecedent rule, one should be very careful.
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Chapter 5

Implementation

The MOSAA system was developed on the Linux(Unix) environment, which includes
the following components:

GNU C+4+ compiler (g++)

fex

bison
X Window System/XView

This software runs on a Linux workstation, with a Pentium 100MHz processor,
16MB RAM, and 1.2GB hard disk.

There are two versions of MOSAA; the command line version and the zview version.
The command line version is more convenient for debugging the source code and the
rule base. The xview version is the final version, since it includes a graphical user

interface (refer to chapter 5 in [13]).

5.1 Top level structure

As shown in the top level architecture of Fig 5.1, MOSAA has two kinds of user input
files:
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_.rule ' _.parm —-mosaa

series*.output new._ass_pkf

Figure 5.1: MOSAA top level user’s perspective.

e Spectroscopy files -

—.tra Spectrum plot file, used for graphically displaying the spectrum.

~pkf Peak finder file, data for assignment manipulation, also used for graphic-

ally displaying the “stick” spectrum.
-.Q.GD calculated R-Q combination difference file.

~RP.GD calculated R-P combination difference file.
Section 5.2 in [13] gives more details about these input files.
¢ Knowledge base files ( Refer to Appendix B in [13] )

~rule contains all the rules in different groups.
-.parm contains the definitions of all the parameters used in the rules.
—.mosaa contains the definitions of all the MOSAA functions used in the rules.

_.sub contains the definitions of all the subroutines used in the rules.
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-.prop contains the definitions of all the properties used in the rules

parm.const constant parameters’ values.
There are two kinds of output files:

o A group of files (e.g. SeriesO.output) which records the assigned series inform-
ation. Each file contains one new assigned series. Chapter 6 gives an example

of such output files.

o File new.ass pkf is a copy of the peak finder file containing additional assign-
ment information. When a peak is assigned, it has some additional information
such as which series it belongs to and overlap situations. This file could be read

in as a peak finder file, which gives more information for new series assignment.

The conventions of file names here are: 1) a leading ‘.’ character means the user
provides one name for each file type; 2) an ‘*’ means one or more names.

The MOSAA system architecture from a developer’s perspective is shown in Fig
5.2.

There are a total of 25,740 lines of source code in the command line version and
a total of 28,390 lines of source code in xview version. This includes all *.h, *.cc and
bison input files. It does not include the *.c and *.h files generated by lex and yacc.

All of the source files for building MOSAA are in anonymous ftp site

physiO2.novlab.unb.ca/pub/mosaa/conmand (command line version)

/xview (xview version)

/input-file (input files)

5.2 Preprocessing

Before running the inference engine, some preprocessing must be done. Preprocessing
includes defining input files, setting up the working environment and building the user

interface.
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Input_rule.l

l

D

input_rule.yaca

lexyyc__,.

{BNSI C)

3

3

D—_‘ input_rule .yvacc,output

input_rule.yacc.cc *.h *

.oc

3

mosaa

Figure 5.2: MOSAA top level developer’s perspective.
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5.2.1 Input Files

Rules in MOSAA are written in plain ASCII characters and contained in the ..rule
file. This file is read in during preprocessing, and rules are compiled into an internal
rule structure. Too add, remove or modify a rule, the ASCII _.rule file is edited
appropriately.

Due to the complexity of the rule grammar, the compiler used to read in rules was
produced by lexical analyzer lez and parser generator bison [8,18].

Appendix A in [13] gives the complete lex file input_rule.l, which is used to
produce the lexical analyzer.

The grammar of MOSAA rules uses the grammar syntax of bison, which is
essentially a machine-readable Backus-Naur format (BNF) [8]. The complete MOSAA
rule grammar in bison syntax notation is described in shown. in Appendix A.

All the parameters, MOSAA functions, subroutines, and properties must be defined
in the files _.parm, _.mosaa, _.sub and _. prop, respectively. These files give sufficient
information for later rule compiling and the running of the inference engine.

Chapter 2 in [13] gives the complete grammar of these files.

Several parameters’ values are known initially and are put in the file parm.const,
which is read into working memory during preprocessing.

Spectroscopy files, including the Peakfinder file, the spectrum file and the R-P,
R-Q calculated combination difference files are also read in during preprocessing (see

section 5.2 in [13] ).

5.2.2 Zone classification

As mentioned in section 2.3, to pick the second line according the first line, one needs
to know the approximate spacing between these two lines. If we already know 2B”,
which is close to the approximate spacing between two neighboring lines of one series

in the low J case, we could use it to pick the second line. Otherwise, when the
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R,P,Q pattern is clear, which means there are clear multiplets in the spectrum, we
could try to find the a,pproxi.ma,te spacing between two neighboring multiplets during
preprocessing.

Zone classification is used for this purpose. Zones, which we used instead of -
multiplets, refer to areas in the spectrum where strong lines are congested. Lines in
the Peakfinder file are sorted first by their intensities. The top 300! strongest lines are
resorted by their wavenumber. Zones are determined by scanning these lines according
to their congestion. When the distance between two lines is small enough, they are
in the same zone; otherwise, a new zone starts. Thus, we can define the range of each
zone, and therefore calculate the approximate spacing between two neighboring zones.

This classification is normally correct in zones that have quite a few strong lines,
which usually are multiplets with a J value not too low and not too high. Since the
first line of the "Three Line Group” usually won’t be picked in the case where J is

too low?, the approximate spacing we use for picking the second line is fairly good.

5.3 User interface

The user interface is very important in the MOSAA system. A lot of information is
obtained from the user interactively. |

In the MOSAA xview version, a user can view the Peakfinder file or the rule
file. Two spectra are displayed with different resolutions® in two separated windows;
each resolution can be adjusted by the user. The spectrum combines data from both
the Peakfinder file and the Spectrum file, which are used for displaying the ‘stick’
spectrum and the real spectrum, respectively. The real spectrum is used only for

display purposes, while the ‘stick’ spectrum is used for user interaction.

1 Depending on the spectrum, we could use other mmmbers as well.

2 As section 2.1.2 mentioned, the first line should be picked in a low J but strong enough multiplet,
so this won’t be where J is too low.

3¢resolution’ used here refers to ‘unit’ shown in wavenumber, which is different from the normal
computer science concept.
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Fig 5.3 and Fig 5.4 show two pieces of a spectrum with different resolutions.

S ST WAy U 0% U AT S ANV S S S A ST S H S S ARSI S P SR I PR B
122000 LR 942.000 937.000 972000 SEF.G00 2

1017.000 TOELO00 17 000 1062000 TOFT.000
s 003NN

Figure 5.3: Low resolution spectrum of C H2OH in the 900-1100 em~! region.

A user can click on the spectrum to choose a required peak, as well as to add a
missed peak. The dynamic series assignment process is shown in the spectrum by
using different colours for sticks in the spectrum. Appendix D shows a piece of such a
spectrum. Three colors appear in this spectrum. Blue lines are normal peaks in the
peakfinder file. Red lines represent the peaks already assigned. A green line is the
peak currently being searched during the assignment processing. When the system
needs the user to make a decision, such as selecting one line from two candidates, the
spectrum is scrolled to the corresponding region.

A special window is used for helping the user make decisions at some stages; Fig
3.5 shows a part of this window. As we can see, the spectrum is cut in segments
according to already found lines in the current series. The lines that belong the same
series lie in an almost vertical line. The idea of showing the spectrum in this way
comes from the LOOMIS-WOOD program introduced in section 2.4.2.

Although the graphical user interface was built using X-windows{XView) program-

ming, there is one concept that needs explanation.
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Figure 5.4: High resolution spectrum of CH}®OH in the 900-1100 cm™! region.

Window applications usually are event driven; since mosaa basically is run by the

inference engine, it is mainline driven [24]. Instead of using xv_main_loop, we use:

while (!finished)
{
notify_dispatch();
XFlush(main_dpy);
if (start_assign==1)

assign();

assign() is a function that drives the whole inference engine, which invokes a lot
of user interactive functions. If we put assign() into a callback, the events won't
be dispatched until the callback returns. This is not convenient for an interactive
interface. When the function assign is not a callback, we can put notify dispatch

in any place (except in the call back) to explicitly dispatch the event. This is very
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Figure 5.5: A piece of a zone sliced spectrum in Loomis-Wood format.

72

ﬂ:&sﬂ'ﬂ-ﬁ 'i‘




convenient since mosaa basically is a mainline driven program. For further informa-
tion about X-windows/XView programming, please refer to an xview programming

reference book, e.g. [24].
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Chapter 6

Testing

The spectrum of CH3*OH in the 900-1100 em ™" region and the spectrum of C DO H
in the 910-1300 cm ™! region were used for testing purposes. -

The spectrum of C'H3*CH was already assigned by experiénced physicists and the
output series information was obtained from several spreadsheet files (see Appendix
B.1). This spectrum has been used ever since the start of the MOSA A implementation.
When the inference engine and the rule base later became fairly stable, this spectrum
was primarily used for testing and expanding the rule base.

The spectrum.of CDsOH in the 910-1300 cm ™ region was only used in the testing
period, and had not previously been completely assigned by a physicist.

6.1 Testing of the spectrum of CH;?OH in the 900-

1100 cm™! region testing

6.1.1 A sample process of assigning one series

The (035)E2 series is picked here for explaining the MOSA A series assignment process.
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All the major processing' is shown on the CRT during MOSAA running. A com-
plete record of this displayed output can also be captured using a ‘typescript’ file.
Appendix B.2 shows some pieces abstracted from the typescript file which records
the (035)E2 series assignment process. The main window of the xview version of
MOSAA is shown in Fig 6.1. Before the assignment starts, several files must be
loaded and the preprocessing must be done. The user is then prompted to pick the
first line of the "Three Line Group”. Line 1027.861745 was picked as the first line in

this example.

Figure 6.1: The main window in MOSAA xview version.

The inference engine then searches for a " Three Line Group” according to this first
line using the technique mentioned in section 2.3. The first combination of three lines
which may generate a series is as shown in Fig 6.2. To search for the fourth line, there
are two candidates, line 1031.847028 and line 1031.842037. The inference engine can’t

% 5o it asks the user to pick one as shown in Fig

find proper rules to handle this case
6.2. Both choices here for the fourth line are equally likely, with comparable anomalies
in the second difference A2 and the intensities. Thus, the user would probably have

to try both choices to see if further lines would shed light on the series trend.

Includes the deduction paths of rules, all important decisions made as well as some debugging
information
2which makes this case confusing in the manual assignment process also
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#* Do select_bottom_line( , 5178, , 5177, , )

choice 1:
The candidate is from down extracting
SpreadSheet is:

R,
parm=Cur_Peaks[15].J, hag_J=0

Index J wv deltal delta?2 intens
15, 1027.861745  1.348872 0.383996
16. 1029.210417 1.327538 -0.021134 0.660026
17. 1030.537955 1.309073 -0.018465 (.533268
18. 1031.847028 0.301236
choice 2:

The candidate is from down extracting
SpreadSheet is:

R,

parm=Cur_Peaks[15].J, has_J=0

Index J wv deltal deltaZ intens
15, 1027 .861745 1.348672 0.383926
is6. 1029.210417 1.327538 ~0.021134 0.660028
17. 1030.537955 1.304082 -0.023456 0.533268
18, 1031.842037 Q.264357

Please pick one (1, 2, or O-none of them):
2

Figure 6.2: A sample part of MOSAA processing requesting user input after showing
the current "Three Line Group” (take from part A of Appendix B.2).
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SpreadSheet is:

R,
parm=Cur_Peaks[7].J, has_J=0

Index J wv deltal delta2 intens
7. 1016.935647  1.427823 0.752472
8, 1018.363470 1.407774 =0.020049 0.223020
9. 1019.771244 1.391835 -0.015939 (.538795
10. 1021.163079 1.374718 -0.017117 0.463053
11. 1022.537797 1.357109 -0.017608 0.331154
12. 1023.894906 1.336639 -0.020470 0.384100
13. 1025.231845  1.321518 -0.015121 (0.538079
14, 1026.553063 1.308682 -0.012836 (.189987
15. 1027.861745 1.294771 -0.013911 0.383996
16. 1029.156516 1.280764 -0.014007 0.565841
17. 1030.437280 0.267685

** Do select_modify _type( )

add line -—————- a
modify line ~---m
delete line ---- d
no operation --- n
- Add a missed peak into pkf file --- p
Change CD type ---.¢
This series is totally wrong, quit --- g

Figure 6.3: A sample showing part of MOSAA processing when a series candidate is
found, and the user needs to make a corresponding decision (from part B of Appendix
B.2).

A variety of such interactive means to get information while the inference engine
is running are used by MOSAA. As more and more rules are added into the rule base,

more cases can be handled by rules instead of requiring interactive methods. MOSAA

was designed to allow this knowledge base expansion to occur.

When no more lines can be found in the R branch of the current series, up and down
searching terminates. The current series information is then displayed in spreadsheet
format as shown in Fig 6.3.

The user can decide whether the found series is acceptable or not by checking
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this spreadsheet as well as the zone sliced spectrum in Loomis-Wood format® in the
user interface. If it is not accepted, the inference engine will go back to a certain
point to restart searching. Otherwise, the inference engine starts searching for the
corresponding P branch using the current R branch.

Commencing with the four successive lines around the first line in the R branch?,
the corresponding four lines in the P branch are searched for, and the RPQ confirm-
ation is done if possible. If four lines can’t be found, there could be some problems:
the R branch found is not correct, the calculated R-P combination differences are not
good enough, overlap or perturbation is affecting one or more of the four lines in the
R branch or the P branch, or possibly the rules themselves are not good enough.
Currently, the inference engine just goes back to restart searching the R branch from
a certain point. More rules could be added here to deal with different situations.

When four lines in the P branch are found and the extraction of the P branch is
done, the inference engine goes back to search the R branch according to the currently
found P branch. Then the inference engine searches from the R branch to the P branch
and from the P branch to t_he R branch again as long as new lines can still be found.
Using this back and forth methad;, more lines can be found, and more corrections can
be. ._doné.
| D'uring the process, the user can get a chance to solve several problems, such as
inserting lines missing from the peak finder file, which is encountered frequently in the
P branch and in weak line areas. Users can change their mind when the wrong selection
has been made. For instance, in the case shown in Fig 6.4 (part C of Appendix B.2),
the user may pick line 1042.132853%. Later if the user feels this is not correct, ‘m’ can
be entered when the menu shown in Fig 6.3 pops up. Another line can be picked and

the inference engine will restart the up and down searching process. There are some

2As shown in Fig 5.5.

“These four lines can be any four successive lines as long as they include the first line picked by
the user.

% Although normally line 1042. 140355 will be picked by a reasonable A2.
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other methods to allow the user to control the process, doing some modifications as
shown in the menu of Fig 6.3. These interactive methods will always be necessary even
when the rule base is very powerful due to the complexity of spectroscopic assignment.

The Q branch is also searched during the process of searching for the R and P
branches. So far, it is difficult to confirm Q branch lines due to the high congestion
in the @ branch in this band. .

When all the work has been done for the current series, two output files are written.
The information on the current series is exported info the file seriesx.out, which
is as shown in Appendix B.3. Users can also output useful information into the file
new.ass_pkf as shown in Fig 6.5.

Basically, new.ass_pkf is a copy of the peak finder file with the assigned line
information added. Peak ‘1 CO 0 0 5 E2 R 7 ¢’ shows the following assigned in-
formation of peak 1019.771244: ’

assigned bandname n 7° K asymmetry branch J comments

1 Cco 0 0 65 E2 R 7 c

Additional information usually can be put in the comments part; e.g. ‘c’ means this
peak assignment has been RPQ confirmed and ‘o’ means the peak is overlapped.
Notice that peak 1019.809931 has two blocks of information associated with it, since
this peak is overlapped. So we know peak 1019.809931 belongs to two series.

The new.ass_pkf file can be used as input to MOSAA next time for assigning
the next series. It also helps in the graphical interface, since lines which are already
assigned are displayed with a certain color, and this helps the user make further
decisions.

The output for this (035)E2 series was compared with the spreadsheet file prepared
by hand (Appendix B.1). Lines R(5) to R(31) are the same, where as Lines R{32) to
R(35) are not found by MOSAA. The reason is that R(32)-1049.274108 is missed in

S7 value here is temporary using ‘0°. In fact the 7 value can be obtained from the n and K values;
this function can be implemented easily using a lookup table in the future.
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** Do select_bottom_line( , 6076, , 6075, , )

choice 1:
The candidate is from down extracting
SpreadSheet is:

R,
parm=Cur_Peaks[7].J, has_J=0

Index J wv deltal delta2 intens
7. 1016.935647 1.427823 0.752472
8. 1018.363470 1.407774 -0.020049 0.223020
9. 1012.771244 1.391835 -0.015939 0,538795
10. 1021.163079 1.374718 -0.017117 0.463053
11. 1022.537797 1.357109 =-0.017609 0.391154
12, 1023.894906  1.339657 -0.017452 0.384100
13. 1025.2348663  1.322407 -0.017250 0.388059
14. 1026.556870 1.304775 -0.017632 0.385661
15. 1027.861748  1.287316 -0.017459 (.383996
16, 1022.142061  1.269753 -0.017563 0.391489
17. 1030.418814 1,252379 -0.017374 0.412323
18, 1031.671123 1.234256 =0.018123 0.292232
19. 1032.905449 1.216726 -0.017830 0.437019
20. 1034,122175 1.198070 -0.017656 0.461675
21. 1035.321245 1.181244 -0.017826 0.463786
22, 1036.502489 1.163292 -0.017952 0.495E81
23. 1037.665781 1.145341 -0.017951 0.566984
24. 1038.811122  1.128060 -0.017281 0.591i718
25. 1039,939182 1.109391 -~0.018669 (.358014
26. 1041.048573 1.091782 -0.017609 0.673768
27. 1042.140355 0.707450
choice 2:

The candidate iz from down extracting
SpreadSheet is:

‘R,

parm=Cur_Peaks[7]1.J, has_J=0

Index J wy deltal delta2 intens
T. 1016.,9356847 1.427823 0.752472

. 8, 1018.363470 1.407774 -0.020049 0.223020

Figure 6.4: A sample part of MOSAA processing requesting user to choose one of the
lines during line down searching.
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9, 1019.771244 1.391835 -0.015939 0.538795
10. 1021.163079  1.374718 -0.017117 0.463053
11. 1022.537797 1.357109 -0.017609 0.391154
12, 1023.894906 1.339657 -0.017452 0.384100
13. 1025.234563  1.322407 -0.017250 0.388059
14, 1026.556970 1.304775 -0.017632 0.385661
15. 1027.861745 1.287316 -0.017459 0.383996
16. 1029.149061 1.269753 -0.017563 0.391489
17, 1030.418814 1.262379 -0.017374 0.412323
18. 1031.671193  1.234256 -0.018123 0.202232
19. 1032.905449 1.218726 -0.017530 0.437019
20. - 1034.122175  1.198070 -0.017656 0.461675
21. 1035.321245 1.181244 -0.017826 0.463786
22, 1036.502489 1.163292 -~0.017952 0.495581
23. 1037.665781 1.145341 -0.017951 0.566984
24, 1038.811122 1.128060 -0.01728t 0.591718
25, 1039.939182 1.109391 -0.018669 0.358014
26. 1041.048573 1.084280 -0.025111 0.673768
27. 1042.132853 0.624209

Fig 6.4 (continued)

the peakfinder file. The user could add this line to the peak finder file by displaying
the appropriate section of the spectrum on the screen and clicking on the missing line”.
Lines P(6) to P(34) are the same, where as Line P(5) picked by the program is not a
part of the series, and the user could ignore this line. The results in the Q@ branch are
not as good as in the R and P branches due to the high congestion in the Q branch.
Q(7) to Q(18) are assigned by MOSAA in the same way as done by hand. Lines Q(5),
Q(6) and Q(19) to Q(27) are discovered by hand, but not by MOSAA.

6.1.2 Other series assignment in this region

Trials were conducted for several other series in the CH3®0OH spectrum. The ‘E’

series are easier to assign than the ‘A’ series due to the splitting in the ‘A’ series.

"Checking the zone sliced spectrum in Loomis-Wood format as shown in Table 5.5 can be a great
help .
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1019.760155 0.228791
1019.765076 0.986391

1019.771244 0.538795 1 COO O S5E2R 7 ¢
1019.787987 0.268836

1019.792861 0.249195

1019.795973 0.250349

1015.809931 0.095409 1 CO 0 0O 3 E2R 7 1C0000ELRT7 o
1019.814797 0.958477

1019.821839 0.815749

1019.830285 0.633906

1019.849632 0.550851

1019.855691 0.401719 1 CO0O 0O 4 E1R 7 ¢
1019.872925 0.947464

Figure 6.5: A piece of file new.ass_pkf.

Results for the tested series are in Appendix B.3; they are relatively good comparing
the MOSAA results to the manually generated spreadsheet as shown in Table 6.1.
However, MOSAA was not successful with some of the series picked for testing.
One example is (012)E2 shown in Appendix B.5. Although the R branch is found and
is quite good (R(6) through R(36) are correct), the corresponding P branch can’t be
found due to the high bias in the calculated R-P Combination differences. This is one of
the main problems causing the failure of the assignment. Another example is (032)E2
shown in Appendix B.5. R(2) through R{44) are correct, but RPQ confirmation for the
‘Three Line Group’ couldn’t be done since there are not enough Q lines. The failure
of doing RPQ confirmation® for the “Three Line Group’ is another main problem
causing the failure of this assignment. Some other problems are due to the overlap
and perturbation as mentioned in Chapter 2. These problems could be solved later
by improving the quality of the calculated R-P combination differences. Enlarging the

RPQ confirmation error tolerance or getting rid of the RPQ confirmation can let the

8RPQ confirmation is very necessary for assigning the spectrum which doesn’t have high quality
calculated R-P combination differences. So we shouldn’t get rid of the RPQ confirmation process for
this spectrum.
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Table 6.1: The comparison of the lines assigned by MOSAA with the lines assigned
manually prepared in the spectrum C H}*OH in the 900-1100 cm™! region.

Series manually MOSAA
R P Q R P Q
(010)A || 0-42 | 1-39 0-37 | 1-36

(011)E2 || 1-37 | 939 | 14 || 1-36 | 2-38 | 24
(013)A+ || 3-41 | 4-37 | 3-15 || 3-25 | 4-27 | 3-12
(013)A- || 3-35 | 4-37 | 3-15 || 3-33 | 4-36 | 3-13
(015)E1 || 5-35 | 6-37 | 5-24 || 5-34 | 6-34 | 8-14
(016)A" [ 6-38 | 7-38 | 6-31 || 6-35 | 7-35 | 7-28
(023)E2 |1 3-39 [ 4-39 | 3-18 || 3-37 | 4-36 | 8-16
(024)E1 |[ 4-38 | 5-38 | 4-16 || 4-27 | 5-37 | 5-14
(096)E2 |[ 6-33 | 7-36 | 6-20 || 6-30 | 7-34 | 11-17
(030)E || 0-38 | 1-38 0-37 [ 2-36
(085)E2 || 5-35 | 6-36 | 5-27 || 5-31 | 6-34 | 5-18

P branch be found, but one must be more careful since a wrong P branch may be
picked. |

The constant values set in the constant parameter file parm.const also affect the
outcome. For instance, constant parameter RPQ_CONFIRM_ET defines the error
tolerance of RPQ) confirmation as mentioned in section 2.3. If this value is set too
large, some incorrect RPQ sets could erroneously be classified as confirmed. If the
value is set too small, the RPQ confirmation will be limited and this may cause a
problem in obtaining the first four P lines in the initial transfer from the R branch to
the P branch. The values for the constant parameters vary a lot from one spectrum
to another spectrum, due to different molecules, species and bands. This will be

mentioned more in the next section.




6.2 Spectrum CD;OH in 915-1030 ¢m ™! region test-
ing

The spectrum of CD;°0H in the 915-1030 ecm™! region was used just for MOSAA
testing. This spectrufn is still relatively unexplored and during the initial testing, no
assigned lines spreadsheets were used for comparison.

First of all, the constant parameter file parm. const was adapted to this new region.
Most of the parameters such as ERROR_TOLERANCE could be set to the same values as
in parn.const for the first spectrum tested in section 6.1. Some of the parameters,
such as parameter ROUGH 2B had to be modified. Since the assignment for this series
was started from scratch, these values were set initially by looking at the spectrum
and by previous assignment experience. Table 6.2 shows the values of the constant
parameters in the parm.const for the spectrum of CH;SOH.' in the 900-1100 cm~!
region and the spectrum of CDI®OH in the 910-1300 em ™! region.

The testing is focused on previously unexplored n=1 spectral regions, in which
the lines are spread out and are relatively weak compared to the n=0 regions. As
shown in Fig 6.6, the n=0 region occurs between around 952.390 - 952.660, and the
n=1 region occurs after around 952.660.

Several series were assigned and the corresponding results are in Appendix C.2°,
10

The results for this test were much better than the first test using the spectrum
CH®OH in the 900-1100 em™! region. The main reason is that the R-P combination

differences used here!! are much more accurate than the calculated R-P differences

9Later, some of the series assignments were checked independently by Dr. R.M.Lees. These
spreadsheet files are in Appendix C.1, T

10The output of this testing is a little bit different from the first testing. There is one extra column:
i.e. the observed R-P difference for each series spreadsheet. This is added in after the first testing
which helps in choosing the right P branch when there are several possibilities.

11The R-P combination differences used here are calculated from energy levels which are calculated
from global fit[19].
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Table 6.2: The values of the constant parameters in the parm.const for the spectrum
of CHJ®OH in the 900-1100 ¢! region and the spectrum of CDIOH in the 910-

1300 em™? region.

parameter CH3°OH | CD3*OH
INTENS_ADJUST LIMIT 0.1 0.1
CLOSE_DEF1 0.15 0.15
ERROR_-TOLERANCE 0.001 0.001
FAR_MORE._DEFI 4 4
FEW_ QK 0 2
[LEXT 0.3 0.3
[ EXT FOR_WEAK PEAK 0.2 0.2
MAX_DELTA2 0.03 0.01
MAX SERIES NUM 50 50
MAX_BIAS 0.006 0.006
MINI_DELTA2 0.01 0.003
MINIS_L._NUM 10 10
RESL 0.002 0.002
S_RANGE1 0.2 0.2
SEARCH EXT1 20 20
| SEARCH.WV_EXT 0.01 0.01
STRONG PEAK_INTENS 0.35 0.35
ROUGH2B 14 1.25
R P MATCH.ET 0.001 0.0003
R P MATCHET.MIN 0.0003 0.0003
R PMATCHETMAX 0.003 0.002
R P MATCHETSTEP 0.001 0.0002
R Q-MATCH.ET 0.003 0.003
RPQ_CONFIRM_ET 0.002 0.002
R_P_INTENS DIFF 0.4 0.4
TOOSTRONG PEAK_INTENS | 0.1 0.1
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953.200 §53.350 953,900

Figure 6.6: A piece of spectrum of CDJ°OH in 915-1030 em™! region.

used in the first testing'?. Another factor is that this testing is focused on the n=1
region, where the lines are not as congested as lines in the n=0 region. This leads
to fewer overlap cases for the n=1 region. Table 6.3 shows the comparison of the
MOSAA results to the manually generated spreadsheet. .

One problem discovered in this testing is that for several series, the R branch lines
found were good, while no P branch lines could initially be féund. Series (133)E1 is
one example, where the R branch found is perfect, but no P branch could be found.
This is due to J-shifting of this series in the spectrum. According to rule C.R32, line
994.106180 should have had a J value of 4 or 53, In fact, the J value for this line
is 6 because the whole (133)E1 series is down-shifted in the spectrum relative to its
neighboring series. To fix this problem, rule C_R32 was modified to extend the range
of J values to try. This then gave the good result as shown in Appendix C.2. The

range of J to try can be as large as we want, as long as time and computer memory

12Because of the high quality of R-P combination differences of this spectrum, RPQ confirmation
is not strictly required.
13Even by looking at the spectrum, most probably we also will get the same assumption.
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Table 6.3: The comparison of the lines assigned by MOSAA with the lines assigned
manually prepared in the spectrum CDXOH in 915-1030 cm™ region.

Series manually MOSAA
R P Q R P Q

(010)A 0-35 ; 1-32 0-19 | 1-31

(030)E || 026 | 127 0-26 | 3-24

(121)E1 || 1-32 | 3-33 | 1-40 || 1-22 | 4-19
(124)E1 || 4-21 | 5-21 | 4-18 || 4-21 | 5-21 | 5-18
(125)A [[5-24 [ 6-29 | 5-40 || 5-24 | 6-29 | 6-17
(130)E1 || 0-50 | 1-30 430 | 1-29
(132)E2 || 2-26 | 5-28 3-23 | 3-28
(133)E1 || 3-33 | 4-33 | 3-40 || 3-33 | 4-33 | 3-13
(131)A+ || 229 [ 2-30 | 1-29 [ 2-29 | 2-23
(131)A- || 2-29 | 2-30 | 129 || 2-29 | 223
(134)A || 4-32 | 5-31 | 4-19 || 4-28 | 581 | 4-11

allow. This is good for assigning more widely spread spectra in which a lot of lines
are shifted and the assumptions for J values are difficult to..predict. For methanol,
for example, this situation applies to the methyl-rocking infrared bands for which the
different series are reported to be spread over an interval of about 5 ¢m™! so the J

values are correspondingly spread out [23,25,26].

6.3 Assessment of Results

When methanol specira are assigned by hand, several hours (usually 2-3) per series are
required to enter data in spreadsheets and cross-check against spectra. MOSAA takes
an average of about 15-30 miniutes for assigning a series!?. Several factors can affect
the time taken by MOSAA. When a series is J-shifting, MOSAA runs much longer
trying to get the right J value. The user assistance, and quality of the spectrum'® also

affects the performance of MOSAA. Certainly the speed of CPU and the memory of

4This doesn’t include the unsuccessful cases. Time used for error checking afterwards is not
included.

15Which means if the spectrum is highly congested or not; if the R-P combination difference sets
are good or not etc.
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the computer are also very important.

MOSAA enhances the effectiveness of the spectroscopist to spend time being an
expert rather than just doing routine work. Spectroscopists can be relieved from
housekeeping; they can focus on trouble spots and new things, thus time is usefully
spent at more difficult problems. The normal routine work in methanol spectroscopic
assignment is ‘irial and error’, and this is exactly what MOSAA does. The graphical
interface is also a help for spectroscopists. When assignments run into a problem, the
user can look at the zone sliced spectrum or different resolution spectrums, instead of
looking at the physical spectrum itself.

One important aspect in using MOSAA is updating a spectrum. The spectroscop-
ist often repeats a spectrum recordihg with different experimental conditions, hence
automated updating of the assignments using the new peak finder file will be very
much faster with MOSAA, while manual operation is almost as long as for the ori-

ginal spectrum.
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Chapter 7

Conclusions and Future work

7.1 Conclusions

The main emphasis of this thesis was on developing a knowledge-based system (MOSAA)
to assist physicists or other scientists in the assignment of peaks in molecular spec-
tra. MOSAA’s inputs include the molecular spectral information, and a knowledge
base containing known energy levels and constants for the given molecules, and rules
provided by an expert for performing the assignment.

Two basic components of MOSA A are the knowledge base and the inference engine.
The knowledge base here contains knowledge of methanol spectroscopic assignment,
which is represented by rules together with their associated components (parameters,
functions and properties) written in the MOSAA grammar. The MOSAA grammar
was specifically designed to accommodate knowledge about molecular spectroscopic
assignment. MOSAA rules are categorized into three groups: G-Goal, C-Consequence
and A-Antecedent rules. There are four different kinds of parameters used for different
purposes, as well as two types of functions. Several processes used in methanol
spectroscopic assignment can be accomplished using functions embedded in a rule.
The premises and the conclusions of rules can have different formats, such as single

parameter, MOSAA function, subroutine, or a loop. Different rule properties such
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as TRY, Restart and MATCH are very helpful in translating some special spectroscopic
assignment techniques into rules. A total of 313 rules were written for the current
version of MOSAA. Using these properties, the rules can be written in a very flexible
and powerful way.

The MOSAA inference engine combines backward chaining and forward chaining,
as well as two special mechanisms ‘TRY’ and ‘Restart’. These two special mechan-
isms are designed to control the inference engine running, and, in particular, to deal
with methanol spectroscopic assignment searching. A history tree, working memory,
working memory store as well as a try store are used for implementing the inference
engine. The inference engine was written using C+4+.

Two versions of MOSAA were developed; the command line version and the zview
version. The zview version includes a graphical user interface, which allows the user
to view the peakfinder file or the rule file. Two spectra are displayed with differ-
ent resolutions in two separated windows. The user can click on the spectrum to
choose a required peak. The dynamic series assignment process is shown in the spec-
trum using colored peaks. A special window which cuts the spectrum into segments
aligned in Loomis-Wood spectroscopic format is used to help the user make decisions
at various stages. This graphical user interface was built using X-windows(XView)
programming.

The spectrum of CHJ*OH in the 900-1100 em™! region and the spectrum of
CDJ°OH in the 915-1030 cm™! region were used for testing. The series picked for test-
ing are random, so they are representative of situations arising in the whole region.
The results are relatively good compared to the previous manually assigned series
stored in spreadsheets. The testing pointed out difficulties in computer-assisted spec-
troscopic assignment. Some of these difficulties were overcome by improving MOSAA
rules; others were not overcome due to the complexity of the spectroscopic assignment
process. |

The results of testing of Spectrum CDIPOH in the 915-1030 ¢! region is better
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than testing of Spectrum C'HI*OH in 900-1100 cm™! region due to the more accurate
R-P combination differences used. The unsuccessful case met in the testing of Spec-
trum CHJ®OH in 900-1100 cm™! region didn’t appear in the Testing of Spectrum
CDOH in the 915-1030 cm™! region!.

7.2 Future work

Future work can be focused on two main parts; namely the explanation facility and

the expansion of the knowledge base.

7.2.1 Explanation Facility

An explanation facility is commonly used in a knowledge based system. It can be
very simple, or it also can show very detailed deduction information to the user. This
facility is very useful to help the user understand the knowledge base (rules) and the
processing mechanism provided by the inference engine.

The MOSAA system so far doesn’t include an explanation facility. As was men-
tioned in 4.3, the history tree can be used for tracking the deduction process.

The fact base of MOSAA is working memory, which records current values of
all known parameters. So the fact to be explained to the user is actually how the
parameter is deduced. Thus, for each parameter in working memory, we could add
one pointer, which points to a node in the history tree; the rule this node refers to is
the one that most recently set the value of this parameter. Whenever a parameter is

explained, its deduction could be found in the history tree and be displayed.

'Only one case was unsuccessful, which was due to line overlap instead of having a problem in
R-P combination differences or RP(Q) confirmation.
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7.2.2 Expansion of the Knowledge base

As mentioned in previous chapters, knowle&ge base expansion can be mainl y classified

into the following parts:

e Currently 65 processes in methanol spectroscopic assignment are done using
functions embedded in a rule, which causes the information to be hidden. Some

of the processes could be translated into rules in the future.

¢ As mentioned in chapter 6, several factors affect the correctness of the assign-
ment results, such as overlapping and perturbation. More rules could be added

into the rule base to solve these problems in the future.

» The knowledge base in this thesis contains the basic knowledge of methanol
spectroscopic assignment. The testing carried out heré was for the spectrum

of CHIOH in the 900-1100 cm™" region and the spectrum of CDIOH in the

915-1030 ¢! region. In order to use MOSAA for other spectra, which could
involve either different methanol species, different bands or different regions,

more knowledge must be added into the knowledge base. Since the basic as-

signment techniques are the same, a modest number of rules need to be added,

while the values of constant parameters need relatively more modifications.

» Rules in the rule base are based on the spectroscopic assignment techniques

specifically adapted to methanol. The techniques used for other molecules may

be similar to this, but might have substantial differences. To use MOSAA for
doing assignments for some other molecules may need only minimal modifica-
tion to expand the existing knowledge base, or may require building the whole
knowledge base from scratch. Application of MOSAA to another molecular

assignment domain remains to be investigated.
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e Lines already assigned can be moved from the peak finder file, so these lines
won’t appear in the "stick” spectrum? in the screen. When more and more series
are assigned, more and more “sticks” can be moved from the screen. This can

help the user in picking the first line or making the decision when there are two

choices. during MOSAA running,

2As mentioned in section 5.3, the spectrum displayed in the screen combines two parts: the real
spectrum and the "stick” spectrum. The data in the peakfinder file are used for showing the ”stick”
spectrum. Each line in the peakfinder file corresponds to one "stick” in the "stick” spectrum.
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Appendix A

Grammar in bison syntax

‘The compiler used to read in the rules is produced by lexical analyzer lez and parser
generator bison [8,18]. _

MOSAA rules’ lexical convention is not given here; Appeﬁdix A in {I13] gives the
complete lex file input_rule.l which is used to produce the lexical analyzer.

Fig A.1 gives the grammiar of MOSAA rules in the syntax notation of bison, which
is essentially o machine-readable Backus-Naur format(BNF) [8].

This figure is abstracted from the auxiliary output file y.output of

yacc -v input_rule.yacc

The reason that we use the auxiliary output file of yacce instead of the
input rule.yacc.output from bison is that the syntax notation in y.output is
closer to the context free notation of a rule grammar. Since both
input.rule.yacc.output from bison and y.output from yacc are obtained from
the grammar of inputx;zle .yace, so there is ﬁo difference except the notation used.
The details of BNF and the grammar of bison are not given here; please refer to
{7] for the description of BNF, and [8,18] for further information about bison.
The basic symbols used in Fig A.1 are listed in Table A.l. The last four rows

in table are not used in the bison grammar; they are used in defining parameters and
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Grammar
0 $accept : begin $end

1 Dbegin : start

2 start : rule_list

3 [ start rule_list

4 rule_list : “%° CR c_ruleset

5 | “%° GR ag_ruleset

6 | %4 AR ag_ruleset

7 c_ruleset : c¢_rule

8 | c_ruleset c_rule

9 c.rule : cr_ruleid IF premise THEN conclusion property comment
10 cr_ruleid : CR
11 premise : condition
12 | premise “&” conditicn
13 condition : loop
14 | parm
15 | subroutine

16 | mosa_func

17 loop : loop_type loop_var “=°. loop_start ";~

loop_end loop_step “{° loop_body "}~
18 loop_var : LOOPI

19 | LOGPD
20 loop_type : FOR
21 | ANYIF
22 { DO

23 loop_start : exp
24 loop_end : exp
25 loop_step :

26 | *;° exp

27 loop_body : condition

28 | loop_body “&° condition]

29 parm : parm_name

30 | parm_name “[’ index 7]~

31 | parm_name *.~ field
.32 | parm_name “[- index "]} “.° field
33 index : INTEGER

34 | LOOPI

35 | parm

36 parm_name : IDENTIFIER
37 field : IDENTIFIER

Figure A.1: MOSAA rule grammar in bison syntax notation.
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38
39
40

41 -

42
43
44
45
46
47
48
49

50
51
652
63
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

subroutine : “$° name “(” arglist )~
’ J$I name l(l I)J
mosa_func : mosa_name arglist
| mosa_name
mosa_name : MOSA_NAME
I I=J
conclusion : conclu_condition
| conclusion “&” conclu_condition
conclu_condition : conclu_loop
| subroutine
| mosa_func
conclu_loop : loop_type loop_var "= loop_sfart i
loop_end loop_step “{’ conclu_loop_body “}*
conclu_leoop_body : conclu_condition
| conclu_loop_body ‘&

o+

conclu_condition
property :

| “#° prop
prop : prop_item

| prop "&” prop_item
prop_item : name
| name arglist
| name “{° conclusion “}~*

name : IDENTIFIER
comment

| COMMENT
arglist : arg

| arglist -,
arg : exp

| “(° arg_func "}~

arg_func : mini_mosa_func

| mini_subroutine
mini_mosa_func : mosa_name explist
' | mosa_name
mini_subroutine : “$° name “(” explist )~

I a‘$f name '(1 r)'

”

arg

explist : exp
| explist “,’ exp

Fig A.1 (continued)
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74 exp : single_value

75 | LOOPI

76 { LOOPD

77 | parm

78 | exp "+ exp

79 | exp “-" exp

80 | exp “*° exp

81 | exp °/° exp

82 | =" exp

83 | (" exp )°

84 single_value : INTEGER
85 ! DOUBLE
86 | CHAR

87 [ STRING
88 ag_ruleset : ag_rule
89 | ag_ruleset ag_rule

90 ag_rule : ag_ruleid IF premise THEN conclusion property comment
91 ag._ruleid : GR :
92 | AR A

Fig A.1 (continued}

functions (see Fig 2.3 and Fig 2.5 in [13]).
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Table A.1l: Symbols used in defining MOSAA grammars.

Symbol Meaning

: is defined to be
| alternatively
lowercase words

(e.g. premise, rulelist) | nonterminal

uppercase words
(e.g. CR, IDENTIFIER)

‘single_char”
(e'g. sz’ ﬁ./.d, J+¢ )

both are terminal

¥

The preceding syntactic unit can be repeated zero or more times

The preceding syntactic unit can be repeated one or more times

+
{3

The enclosed syntactic units are grouped as a single syntactic unit

[

The enclosed syntactic unit is optional, may occur zero or one time
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Appendix B

Assignments for the spectrum of
CH3POH in the 900-1100 ¢m ™!

region.

B.1 Some of the previously assigned series in spread-

sheet format.
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B.2 Assigning process pieces

The following part is abstracted from a file typescript which records the MOSAA

assigning process for series (035)E2 in this spectrum.
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B.3 MOSAA assigned series outputs for input spec-
trum of CH;?0OH in the 900-1100 cm™ region.

There are 11 series assigned in this testing. The format of the outputs from MOSAA

is similar to the one used in the spreadsheet files. Qutput of each series (if it has a Q

branch) is split into two pages manually just for reading purposes.

The outputs show the assigned lines in R, P and @ branches for each series!. The
left part of the top line ‘K=0, 'n=0 A ’ shows the values of K, n and asymmetry of
this series, which is produced by MOSAA. The center part of the top line ‘(010) 4’
corresponds to (n 7 K) asymmetry of the series, which was added manually by the
user?. A ‘¢’ in column ‘Comm’ of each branch of the series shows if the line is RPQ

confirmed.

'These are the output from the computer, some lines are not correct. Table 6.1 gives the summary
of which lines are correct.

2 As mentioned in section 6.1.1, the 7 value can be obtained from the n and K values, this function
can be added in MOSAA easily using a lookup table in the future.
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B.4 Sample section of the new.ass_pkf output

The following sample section is only the record of line 1019.771244 to line 1020.006759

from the output file new.ass_pkf of the spectrum of CD3OH in the 910-1300 em~!

region. Section 6.1.1 gives a detailed description of this file.

1019.
1019,
1019,
1019,
1019.
1019.
1019.
1019.
1019.
1019.
1019.
1019.
1019.
1019.
1019.
1019,
1019,

1018

1019.
1019.
1018,
1020.

771244
787987
792861
795973
809931
814797
821839
830285
849632
855691
872925
880006
884911
923668
932504
937869
948194

. 960351

967822
974100
287520
008759

o o o O O o O O O O o 9 90 00 o o o o o o O o

538795 1 OH 0 0 5 E2 R 7 ¢
. 268836

.249195

.250349

095409 1 OHO 0 3 E2R7 10HOOOELR 7 o
958477

.815749

633906

550851

401719 1 OH OO 4 EL R 7 ¢
947464

748280

.920173

.118464

.272203

.114251

.470998

. 198658

.164375

.310232

. 703466

192990 1 OH 0 0 1 E2R 7
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B.5 Samples of unsuccessful series assignments in
the spectrum of CHJ®0OH in the 900-1100 cm~!
region.

This appendix gives the unsuccessful series assignments by MOSAA. Only the R
branches are found for these series while the corresponding P branch couldn’t be
found. Failure of assigning (014)E2 was due to the high bias in calculated R-P Com-
bination differences. Failure of assigning the other series was due t.o the failure of

RPQ confirmation.
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Appendix C

Assignments for the spectrum of

CD30OH in the 910-1300 cm ™! region.

C.1 Some of previously assigned series in spread-

sheet 'forma,t.
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C.2 MOSAA assigned series outputs for the spec-
trum of CD3;0H in the 910-1300 cm™! region.

There are 11 series assigned in this testing. The format of the outputs from MOSAA
is similar to the one used in the spreadsheet files. Output of each series (if it has a Q
branch) is split into two pages manually just for reading purposes.

The basic format used in the outputs here are almost the same as the outputs
of spectrum of CH}OH in the 900-1100 em™! region. One more column section is
added! to show the difference between the calculated R-P combination difference and

the observed R-P combination difference for each J.

!Only done for the n=1 region
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C.3 Samples of unsuccessful series assignments in
the spectrum of CD;OH in the 910-1300 cm™!
region.

This appendix gives the unsuccessful series (123)E2 assignments by MOSAA. (n 7 K)
and asymmetry values found for this series are wrong while R(3) through R(27) found
are correct. One of the "Three Line Group’ R(4) 991.472520 is overlapped?, which
causes MOSAA to pick a wrong R-P combination difference { n=1, K=2, A4 series).
The wrong R-P combination differences picked are very close to the R-P combination
differences of (123)E2 in the first several Js, which lets MOSAA produce a correct P
branch (P(4) through P(24) are right) in the result.

2which causes quite quite a large amount of bias in A2 as shown in the output.
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Appendix D

A piece of spectrum of CH3’0OH in
the 900-1100 ¢m ™! region captured

from the screen.

This is a piece of spectrum captured from the screen during MOSAA running. Three
colors appear-in this spectrum. Blue lines are normal peaks in the peakfinder file.

Red lines represent the peaks already assigned. A green line is the peak currently |

being searched during the assignment processing.
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