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Abstract
This paper describes BR-4, a discovery system that
integrates several research tasks in modeling the dis-
covery of certain quantum properties and conservation
laws by physicists in this century. The program is
directed by consistency and completeness constraints,
and it has the ability to formulate and revise theories
in its domain and to explain its knowledge state using
these constraints. BR-4 is able to formulate new ele-
mentary particles and particle reactions and to propose
observations to test their existence. The program re-
vises its theory when it detects formal and theoretical
contradictions, and when its domain theory conflicts
with observational data.

1. Introduction

Computational modeling of discovery has been the
focus of attention by several AI research groups in the
last ten years, and a number of systems modeling dif-
ferent tasks in scientific research have been developed.
The subject of this paper is an integrated discovery
model, BR-4, with the capabilities of theory forma-
tion, event prediction, data acquisition, explanation,
and theory revision in particle physics.

The field of particle physics studies the nature of ele-
mentary particles - the building blocks of matter - and
interactions among these entities. The basic phenom-
ena in this field take the form of reactions, similar in
many ways to those found in chemistry. As in chem-
istry, physics requires that reactions among elemen-
tary particles obey the conservation of certain quan-
tum properties, such as electrical charge. These con-
servation laws also explain why some particle reactions
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are never observed. Thus, two central tasks in particle
physics are the prediction of new reactions, and the
explanation of unobserved reactions through the pos-
tulation of new quantum numbers (see Kocabas, 1991).
Other activities include the postulation of new parti-
cles, either on theoretical or empirical grounds, and the
prediction of reactions that satisfy known conservation
laws.

One can identify six basic operations that play a
central role in particle physics: (i) receiving and eval-
uating data about domain objects and events, (ii) for
a given set of particles, quantum properties, and ob-
served reactions, determining a set of quantum values
that satisfy conservation for those reactions, (iii) ex-
plaining the currently observed and unobservable re-
actions in terms of the constraints of the model, (iv)
positing new quantum properties that account for the
absence of unobserved reactions, (v) positing new par-
ticles and determining their role in known reactions,
and (vi) predicting reactions that have not yet been
observed but that follow from the current theoreti-
cal model. We have incorporated versions of these
operators into BR-4, where they play a central role
in the process of theory formation and revision. We
will refer to them as Read-Data, Determine-Values,
Explain-Event, Posit-Property, Posit-Particle,
and Predict-Reaction, respectively.

In the following pages we describe the knowledge
representation and the behavior of BR-4, then present
some illustrative examples from the history of particle
physics. We close the paper with a discussion of related
methods and some projections for future work.

2. Representation and Strategies of BR-4

The BR-4 system uses a structured knowledge rep-
resentation similar to qualitative schemas, as in AbE
(O’Rorke et al., 1990) and other recent discovery mod-
els. However, BR-4’s knowledge organization distin-
guishes descriptive and prescriptive knowledge. The
former type of knowledge is represented as frames, and
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the latter as a set of operators and functions. The pro-
gram has six operators, as noted above, and the main
data items are elementary particles and their reactions.
Both are represented as frames in the system’s know-
ledge base.

Particle frames include the name of the particle, the
quantum properties and their values. Particle reac-
tions are represented in a similar way, in this case con-
taining information about the reactions, including the
particles involved, the reaction conditions, the physical
status of the reaction, and its validity under the current
theory. Particle reactions are added to the program’s
knowledge base (e.g., for the reaction n -~, p + e + P)
as follows:

frame : rl
class = reaction
actual status = observed
reactants = [hi
products = [p,e,~]

Such input reaction frames are then transformed into
the form described above by the Read-Data operator
acting on the parent frame. The amended slots are
added after their values are calculated by this operator.
In this way, the system’s initial theory is built, which
BR-4’s other operators modify as we describe below,
using the control structure shown in Figure 1.

The program starts with a simple theory about sev-
eral particles and a small number of observable reac-
tions. BR-4’s theory formation activities are driven
by its Explain-Event operator, which acts on particle
reaction frames, looking for reactions that cannot be
explained with the system’s consistency and complete-
ness constraints.

There are two heuristics for eliminating contradic-
tions. One is to revise the quantum values of particles
in a depth-first search, with backtracking through the
space of values, until a consistent value set is found.
The second heuristic introduces a hidden particle to
balance the reaction, in either the input or the output,
positing that it actually takes part in the reaction but
for some reason is not directly observable. The system
then computes the quantum values for this particle,
identifying it with an already known particle or cre-
ating an entirely new particle. The first heuristic is
embodied by the Determine-Values operator and the
second one by Posit-Particle.

The completeness condition is defined over unob-
served reactions. Resumably, any unobserved parti-
cle reaction must be violating some quantum conser-
vation law. If the domain theory of BR-4 contains
an unobservable reaction that does not seem to vio-
late a quantum conservation law, then this is also an
unexplainable event for the Explain-Event operator.
This means that the system’s domain theory is incom-
plete regarding the unobserved reaction. In such cases,

Read Data

THEORY

new data

Explain Event [

t
Determine Values ~

Posit Property I

Posit Particle

Predict Reactions

Figure 1. BR-4’s general control structure for the discovery
of quantum properties.

the system’s Posit-Property operator takes control,
which posits a new quantum property that is conserved
in observed particle reactions but not in the unob-
served reactions.

Determining the values for this new property re-
quires search for the particles in the missing reaction,
as well as an embedded search for the values of parti-
cles in other reactions. This search is carried out by the
Determine-Values operator and, if the system arrives
at a partial combination of values that rules out an
observed reaction or fails to eliminate the unobserved
one, it backtracks and considers alternative paths until
it finds an acceptable set.

We can extend the notion of incompleteness to in-
clude theories that do not explicitly specify all reac-
tions that follow from them, as occurs when BR-4’s
Posit-Particle postulates a new particle. In this
situation, the system’s Predict-Reactions operator
systematically generates all possible reactions (decays
and collisions) of the new particle involving one, two,
or three other known particles. For each such tentative
reaction R, the program predicts that R will occur if
it conserves all known properties.

3. Examples from Particle Physics

In this section we describe the behavior of BR-4 on
three examples of discovery from the history of parti-
cle physics, involving the neutrino, baryon and lepton
numbers, and electron and muon numbers.
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Table 1. The quantum values of particles known prior to
the discovery of the neutrino.

Particle mass charge spin

V 0.00 0 1
1e 0.51 -I
1p 938.26 1

n 939.55 0 !
2

@ 0.51 1
1_
2

v 0.00 0 1_
2

p 0.00 0 1
2

Table 2. Particle reactions that were (a) observed and (b)
not observed in experiments after the introduction of the
particles in Table 1.

(a) Observed reactions (b) Unobserved reactions

p+p --+ p+p
n --+ p+e+P
e +g -+
7+P -+ e+~+p
P+p ~ n+~
u+n -~ p+e

3.1 Discovery of the Neutrino

Until the early 1930’s, scientists knew only a few ele-
mentary particles, shown in Table 1 along with their
mass and their values on the three known quantum
properties - energy, charge and spin. The known reac-
tions were also limited to a small number:

p+p -~ p+p

7 -~ e+e

e+~ -~ 7

n -.+ p+e.

However, the last reaction was problematic in that
it violated the conservation of energy and spin, with
the total energy and spin counts unbalanced in the
reaction. Rather than abandon the conservation law,
physicists postulated the presence of a new particle,1

also generated during beta decay, that would balance
out the missing energy and spin. They inferred the
property values for this particle from the values for
the other particles in the decay process. They con-
cluded that this neutrino has zero rest mass, no elec-
trical charge, and a spin of one half.

Given the reactions above and the quantum numbers
in Table 1, BR-4 responds in a similar manner. The
system’s Explain-Event operator cannot explain the
fourth reaction, as it detects an inconsistency concern-
ing the spin values, and passes control to Determine-
Values. This operator considers assigning alternative
spin values in an attempt to find a consistent set of val-
ues that would balance the reaction. But in this case,
BR-4 cannot modify the spin values, as these are as-
sumed to be correctly established by observation. This
leaves revision of the unbalanced reaction as the only
solution. The control passes to the Posit-Particle

1. In the early 1930’s there were serious debates among
physicists as to the validity of the conservation laws in
the subatomic world.

operator, which adds an extra particle to the output
side of the reaction, giving

n -+ p+e+u.

Using the conservation laws, the Determine-Values
operator computes the charge and spin of the new par-
ticle, u, as 0 and 13, respectively. Another possible
revision would have added a new particle with oppo-
site properties of n on the input side of the reaction,
but physicists favored the former solution as they were
thinking in terms of a decay process. However, the in-
clusion of the neutrino and its antiparticle leaves the
theory incomplete, in that they imply reactions with
other known particles. BR-4’s Predict-Reactions
operator finds no decays for the neutrino, but it does
find three collision reactions that are consistent with
the theory:

P+p -~ n+~
u+n -~ p+e

u+~ --4 7

which are predicted to be observed in experiments.
The first two of these were later detected by physi-
cists. The third reaction has a very low probability
and is rather difficult to detect.

3.2 Baryon and Lepton Numbers

The discovery of the neutrino left physicists with seven
elementary particles, 2 having the properties and values
shown in Table 1. Physicists realized that the existence
of these particles, combined with known quantum con-
servation laws, implied a variety of reactions. Subse-
quent observations revealed evidence for the predicted
reactions in Table 2 (a) but not for those shown in Ta-
ble 2 (b). For some reason, the three predicted decays

2. The neutrino-antineutrino distinction was experimen-
tally verified in the late 1950’s.
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of the proton did not occur in nature. To explain this,
physicists proposed a new quantum property, known
as the baryon number.3

BR-4’s Predict-Reactions operator proposes the
same reactions, but the Explain-Event operator can-
not explain the absence of the reactions in Table 2 (b).
The program selects the first reaction, p --+ e+7, and
turns it into a set of inequalities, each based on a dif-
ferent combination of values for the particles involved.
In this case, it generates the four inequalities

1#0+0

1#1+1

0#1+0

0#0+1 .

The Determine-Values operator then selects one of
these value sets, say tile first, p = 1, e = 0, 7 = 0, and
tests them in the observed reactions, say n --~ p+e+P,
this time treating it as an equality, and obtains

Table 3. Quantum values for elementary particles known in
1953, after the discovery of baryon and lepton numbers.

Particle mass charge spin baryon lepton

7 0.00 0 1 0 0
1e 0.51 -1 ~ 0 1
1p 938.26 1 ~ 1 0
1 1 0n 939.55 0
1 0 -10.51 1

u 0.00 0 ! 0 12
1p 0.00 0 ~ 0 -1
1 0 1# 105.60 -1
1105.60 1 ~ 0 -1

139.60 1 - 0 0
# 139.60 -1 - 0 0
n0 135.00 0 - 0 0

n=l+O+# ,

which leaves the property values for n and ~ unspeci-
fied. Two value sets are possible for this pair: n = 1,

= 0 and n = 0, p = -1. The first value set is con-
sistent with all the known reactions, while the second
set is inconsistent with the reaction u + n -+ p + e.
At any point, detection of an unbalanced reaction that
violates conservation of the new property causes back-
tracking to one of the alternative value sets. If the
search exhausts all such sets produced from observed
reactions, the system backtracks further and considers
alternative value sets generated from the unobserved
reactions.

Given the experimental results in Table 2, BR-4 ar-
rives at the value zero for all particles except the proton
and neutron, to which it assigns the value one. These
settings correspond to those obtained by physicists for
the baryon number, which successfully explain the ab-
sence of the reactions in Table 2 (b).

Alternatively, by using the value set in the third in-
equality above, BR-4 would propose another quantum
property by assigning the following values to particles:
p= 0, n = 0, ~ = -1, 7 = 0, and e = 1. These val-
ues correspond to the lepton numbers of elementary
particles (see Table 3.)

In 1935, Yukawa had proposed the existence of ad-
ditional particles with the mass of about 100 MeV in
the nucleus. The reasoning behind Yukawa’s proposal,
which we have not attempted to model, involved en-
ergy calculations on atomic nuclei. Later, in the 1940’s,

3. Stuckelberg proposed this new quantum property in
1938 as the protonic charge, which was later to be called
the baryon number.

observations on cosmic rays revealed five such parti-
cles: the muon (#) and anti-muon (#), the pion 
and anti-pion (#), and the pion zero (Tro), along 
the property values in Table 3. Baryon and lepton
numbers could explain the possibility and possibility
of the reactions among these particles in the 1950s.
Table 4 (a) and (b) give some of these reactions.

3.3 Electron and Muon Numbers

With the discovery of the baryon and lepton numbers,
physicists had produced a theory, involving 12 elemen-
tary particles, the relativistic masses for those parti-
cles, and four quantum properties, that was apparently
consistent and complete. Table 3 reflects this state of
physical knowledge. Some problems remained, such as
for the neutrino, which seemed very difficult to observe
for theoretical reasons. However, in 1953, experiments
revealed indirect evidence for the reaction

P+p -+ n+~

Unfortunately, this reaction occurred when the anti-
neutrino had been generated through beta decay (n -~
p + e + ~), but not when produced through muon decay
(~ -~ e+v+v).

To resolve this dilemma, scientists postulated that
the two reactions actually generated two distinct types
of neutrinos, calling the former an electron neutrino
(ue) and the latter muon neutrino (u~). Th is di
tinction (and the analogous one for anti-neutrinos) in-
troduced two additional rows in the table of particles.
However, it also produced the unobserved reactions
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Table 4. Some particle reactions that were (a) observed
and (b) not observed in experiments after the discovery 
baryon and lepton numbers.

(a) Observed reactions (b) Unobserved reactions

# --+ e+v

Table 5. Some particle reactions that were (a) observed
and (b) not observed in experiments after distinguishing
between electron neutrinos (re) and muon neutrinos (v,).

(a) Observed reactions (b) Unobserved reactions

shown in Table 5 (b), which physicists again sought
to explain by introducing yet another property, and
which they named the electron number.

Our model cannot directly explain the historical dis-
tinction into two classes of neutrinos, but we believe it
constitutes a variation on the heuristic for postulat-
ing new particles that originally led to inference of the
neutrino. Once this distinction has been introduced by
hand, BR-4 realizes that its current theory is incom-
plete, in that it cannot explain the unobserved reac-
tions involving the muon neutrino and its antiparticle.
Postulating a new property, it searches the space of
values using the same process as it used for the baryon
and lepton numbers. The resulting values agree with
those proposed by physicists for the electron number,
but they are not sufficient to rule out the unobserved
reaction ~r --+ /2 + % Explanation of this omission re-
quires introduction of yet another quantum property,
this one corresponding to the muon number, which
physicists postulated in 1962.

4. Discussion of the Framework

The basic reasoning mechanisms of BR-4 - search
guided by heuristic knowledge - bears close resem-
blance to those implicated in everyday human prob-
lem solving, as studied by Newell and Simon (1972),
as well as many others. However, modern scientific
reasoning must deal with a number of different search
spaces (e.g., see Klahr, 1994; Kocabas, 1993). Our
model operates only in the spaces of empirical hypoth-
esis and theory formation, event prediction, problem
formulation, and theory revision. Previous models of
scientific discovery, such as those described by Lang-
ley, Simon, Bradshaw, and Zytkow (1987), have taken
a similar stance, but most such work has focused on
limited aspects of scientific reasoning.

With BR-4, we have attempted to cover a broader
range of the discovery process within a unified frame-
work. We described how the system formulates new
problems whenever new data reveals its current the-

ory to be either inconsistent or incomplete. We also
described how BR-4 deals with inconsistency and in-
completeness. In dealing with incompleteness, the pre-
diction of new reactions and the introduction of new
particles and properties constitute important examples
of theory revision.

Our discovery model draws many of its ideas from
earlier work in this area. BR-4 is a direct descendent
of Zytkow and Simon’s (1986) STAHL, which modeled
a variety of qualitative discoveries in the history of
chemistry. The detection of inconsistencies in reac-
tions played a central role in this system, with one of
its responses being the introduction of new elements
like phlogiston, which served much the same role in
early chemistry as the neutrino did in particle physics.

Rose and Langley (1986) described STAHLp, a ra-
tional reconstruction of the earlier system that showed
all of its discoveries could be explained in terms of in-
consistencies and their resolution. In addition, they
used the system to model a number of other reaction-
oriented discoveries from the history of science. More-
over, their approach showed that dependency-directed
reasoning simplified the theory revision process, letting
STAHLp handle problems with a search-control scheme
that relied on simple hill climbing.

The BR-3 system, presented by Kocabas (1991), ex-
tended this framework to include the detection of in-
complete theories and the postulation of new proper-
ties to explain the absence of reactions. He applied
this idea to the history of particle physics, using it to
explain both the origin of several quantum numbers
and the particular values assigned to them by scien-
tists. In related work, Kocabas (1994) described an-
other system, TREV, which formulates new particles
and new reactions. BR-4 is the immediate successor
of these two systems, differing mainly in that the for-
mer lacked the ability to postulate new particles and
to predict new reactions in an integrated way.

Valdes-Perez (1994) has described an alternative ap-
proach to discovery in particle physics, which he has
implemented in the PAULI system. This scheme uses

91



a variation on linear programming to search the space
of property values, subject to constraints that reflect
observed and unobserved reactions. Also, Fischer and
Zytkow (1992) have ~eported on CELL-MANN, a sys-
tem designed to explain the formation of the quark
theory, which also carries out a search through a space
of parameter values subject to constraints.

A more general framework, recently proposed by
Valdes-Perez, Zytkow, and Simon (1993), views the
process of formulating structural models in terms of
matrix operations. They show how many existing sys-
tems, including those described above, can be viewed
in this light, with the basic operations involving the
extension of a matrix along one or more dimensions
and the revision of entries in the cells of the matrix.

Although BR-4 provides an abstract account for some
important developments in the history of particle phys-
ics, there remains considerable room for extensions to
the model. One direction for improvement involves the
notion of explanation. BR-4 does not generate an ex-
plicit proof or other structure that connects assump-
tions and observations. In future work, we plan to
model the explanatory process in more detail.

We also hope to extend the system to handle the
introduction of componential models, which describe
particles at one level as combinations of more prim-
itive particles. Langley et al.’s (1987) DALTON took
some initial steps along these lines to explain the re-
lations between chemical molecules and elements, but
we believe that we can adapt BR-4 to explain the ori-
gins of the quark theory and its alternatives. The basic
task here involves explaining why elementary particles
with some quantum properties exist and others do not.

Finally, like most other models of scientific discovery,
BR-4 ignores the interactions that occur among differ-
ent researchers. The history of particle physics is rich
in examples of such interactions, and we believe that
some revisions to BR-4 will let us model some of them.
In particular, we plan to assign different facets of the
system’s domain knowledge to different agents, which
would then communicate through a common represen-
tation; we will also let different agents explore different
branches when search suggests alternative solutions.
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