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Glenn Blanchette, Brendan McCane, Willem Labuschagne and
Anthony Robins

Computer Science Department, Otago University, New Zealand
{gblanche, mccane, willem, anthony}@cs.otago.ac.nz

Abstract: We report detailed experimental results for the paper
‘Representing Symbolic Logic in an Artificial Neural Network, Part I:
the Static Case’.

1 Introduction

This technical report provides supporting information and experimental results for
the paper “Representing Symbolic Logic in an Artificial Neural Network, Part I: the
Static Case”. The paper is concerned with finding an artificial neural network
representation for supra-classical logic.

The technical report is divided into four parts. Section 2 Micro-Worlds: gives
information about the experimental environment. Section 3 Boltzmann Machine:
gives some features of the machine implementation and experimental results. These
results support the Boltzmann machine as a viable candidate for the representation
of supra-classical logic. Section 4 Multi-Layer Perceptron (MLP): looks at these
experimental results with discussion about the implementation, which is not
included in our paper. These results indicate that simple feed-forward networks do
not have the properties required to represent the logic.

2 Micro-worlds

We attempted to find a neural network representation by training and testing our
candidate machines in the limited environment of logical micro-worlds. Some
discussion and justification for this approach is given in our paper. The logic for
these worlds was loosely based on the idea of a room, which had its temperature
regulated for a minimal energy cost. A set of micro-worlds of increasing size and
complexity were designed by adding atoms and preference levels. The design
details of these 3, 4, 5, and 6-atom micro-worlds are given in Appendix A.

For each world a short description of the atoms and default rules are provided in
the appendix, with the consequent ranked interpretation. The interpretation of the
default rules is somewhat arbitrary and alternative worlds would be possible. We
investigated the effect of arbitrary changes in interpretation within the 5-atom world
by looking at two alternatives to the world shown in Appendix A. The changes did
not affect the ability of the networks as representations. In theory such a change



should not have any impact, as the networks tested were trained on the final
interpretation alone.

The semantic design of these worlds deliberately involved dependency between
some variables and this resulted in occasional outputs from the machines that were
unexpected. The ability of the Boltzmann machine to learn and represent atomic
probability and not just state distribution will be the subject of a separate paper.

It should be noted that the machines are trained using binary logic and tested
using ternary logic. During training the machines are only given inputs: +1 for true
and -1 for false. Model states are shown in adapted binary format, for example in
the 3-atom world (Light-Fan-Heater) state “-1, 1, 1” stands for the state with “Light
off, Fan on, Heater on”. We will frequently use an abbreviated decimal format; in
the example above, the state would be represented as decimal 3 (the two lowest
order bits are on). When testing, the machines received inputs of 1, -1, or 0 for
unknown or equivocal. For example the input state/query “0, 1, 0” stands for the
premise “Light not observed, Fan on, Heater not observed”, which has no
equivalent in real binary.

Generally four alternative training sets were used for each world. Two training
sets have the patterns (model states) at exponentially increasing frequency of
preference and two have an arithmetic distribution. Within each pair, one set has the
least preferred model states absent; the other has them present for one pattern only.
The distribution of patterns in each training set is given in Appendix A, both as the
actual number of patterns and the percentage of the set.



3 Boltzmann Machine
3.1 Implementation

As indicated in our paper, the initial implementation of the Boltzmann machine was
based on Hinton’s 424 Encoder. Early experimentation with this implementation
involved diagnostic data sets, both mechanical and medical, with a variety of data
relationships: both many-to-one (mathematical functions) and one-to-many (non-
functions).

The machines performed tolerably well on even the most difficult medical data
set which contained 8 diagnoses spread over 13 symptoms, with a large proportion
of one-to-many relationships. The data set consisted of 120 training patterns; the
machines were trained on a subset of 80 patterns.

* Tested on previously seen patterns, machines achieved a recall (correct set of
diagnoses, although not always in the correct order of preference) of 88-94%.

* Tested on unseen patterns, machines had a credible accuracy of 73-78%
(depending on the pattern tested).

These data sets still had a large component of classification as part of a mixed
task and, at this stage, the weights of the network were not converging during
training. Several methods of weight constraint were attempted including:

*  Weight decay: Use of a penalty term (c = 0.001) multiplied by the total size of
each weight layer matrix was partially effective in limiting the weight
expansion to 1.12.

* Sparcity was implemented using a target and penalty cost as per Hinton (1985).
However, this is probably only appropriate in a Restricted Boltzmann machine
and was not effective in our case.

* Momentum: The standard use of momentum was most effective in limiting
weight expansion and improving performance generally.

We refined the task as part of the micro-world experiments, to remove any
classification component. The machines were simply required to learn the
distribution of patterns (model states) in their environment. Under this task there
was rapid adaption of the weights to a plateau within the first few hundred epochs,
followed by a gradual linear increase in the larger inter-layer weights. We have not
confirmed whether different machines converged initially to the same weight
matrix for the same problem. It is likely that several different weight matrices
might be possible given the nature of the optimisation problem and the stochastic
nature of the Boltzmann machine.

A brief overview of the object-oriented design and the changes made to the
learning algorithm of our Boltzmann machine are given in Appendix D.

3.2 Results in General

Tuning of the Boltzmann machine was difficult. The detail of the annealing
schedules for the Boltzmann machine can critically influence results. A wide variety
of temperature ranges and cycling schemes were experimented with: both at high
“40 down to 10” and low “5 down to 17 temperatures with long and short ranges for
varying numbers of cycles at each temperature point. There was no one single
correct schedule. The other tuning parameters were on average: training time 2,000
epochs, learning rate 0.3, momentum 0.7, with 20 samples per pattern. Alterations
in the number of hidden nodes were investigated, for each micro-world, but the final



numbers were: 4 in the 3-atom world, 6 in the 4-atom world, 8 in the 5-atom world
and 10 in the 6-atom world. The detailed results for testing of the Boltzmann
machine are shown in Appendix B.

For each micro-world, testing of the neutral premise is discussed first. Five runs
of 60 machines per run are given for each of the four different training sets, for each
micro-world with the aim of retrieving the complete ranked interpretation. This
gives a total sample size of 60,000 samples. The actual number of output samples
and the percentage are shown in the tables. These results are then accumulated at the
end of a row to give the average result and standard deviation for the errors over
300 machines. The sampled percentage output can be compared directly with the
training distributions, on the left of each row.

Second, a selection of more specific interesting premises are shown in an attempt
to demonstrate how well (or otherwise) a run of 60 machines performs the task of
model selection. Adequate training of the machines is demonstrated by inclusion of
some complete premises (without uncertainty). Others require a range of preference
levels in the output or a single preference level. In this setting the results need to be
considered qualitatively. The correct model selection within the ranked
interpretation is provided, with the expected input distribution, for comparison with
the actual output of the machines.

We have not however, provided the accumulated error figures for the specific
premises, as these calculations were often misleading. The logic does not require
exact numerical output: there were specific premises where the ranking from the
logic was correctly represented by the machine but the numerical output was inexact
and more importantly, there were results where the numerical output was accurate
but the representation of the logic was not what was expected. These interesting
premises will form the basis of a discussion of the representation of atomic
distribution in a further paper.

33 3-Atom Micro-World

The results of testing the Boltzmann machine against the neutral premise in the 3-
atom micro-world were uniformly satisfactory (Figures 5 & 6). The average error
per state on the worst training set with 44 patterns was just over 2% and on the best
training set with 30 patterns was less than 0.5%, with a standard deviation of +0.11.
When the least preferred models were present in a training set, their probability
tended to be overestimated slightly by the network: 3-5% actual output versus 2.9%
expected. In this circumstance, the probabilities of more preferred patterns were
slightly underestimated.

The results for testing against specific premises are shown in Figure 7. The
training set with 34 patterns was used for this testing: it has an arithmetic
distribution and the least preferred model states are present. Looking at the
completely specified premise “-1, -1, 1” it can be seen that the machine was
adequately trained for the more preferred patterns (decimal state 1 - output 95%),
but considering premise “1, 1, -1” not well trained for the least preferred patterns
(decimal state 7 - output only 54%). The machine had difficulty adequately
learning/retrieving the least preferred patterns in this micro-world, despite
adjustments in the training sets and tuning parameters. A further example of this
problem can be seen with premise “1, 1, 0” where the machine is ‘asked’ to select
two of the least preferred model states. An appropriate selection would be (6) and
(7) but the machine also outputs samples of (4) and (5).



However, this was not a problem when the machine was ‘asked’ to rank model
states at different preference levels. For example, premises “-1, 0, 17, “1, 0, 0” and
“0, 0, 17, in these cases the machine clearly and correctly distinguished between the
probability of the most, intermediate and least probable model states. What is more,
the degree of separation between preference levels was qualitatively appropriate
considering the ranked interpretation.

3.4 4-Atom Micro-World

The results of testing against the neutral premise in the 4-atom micro-world were
also uniformly satisfactory (Figures 8 & 9). The average error per state on the worst
training set with 96 patterns was under 2% and on the best training set with 88
patterns was just over 0.5% =+ one standard deviation 0.07. As for the 3-atom micro-
world when the least preferred models were present in the training set, their
probability tended to be overestimated slightly by the network: 2.5% actual output
versus 1% expected and the probabilities of more preferred patterns were then
slightly underestimated.

The results for testing against 28 specific premises are shown in Figures 10 - 13.
The training set with 98 patterns was used for this testing: it has an arithmetic
distribution and the least preferred model states are present. Looking at the fully
specified premises; “-1,-1,-17,“1,-1,-1,1”,“1,-1, -1, -1” and “1, -1, -1, 1” it can
be seen that the machine was adequately trained across the whole distribution (a
most preferred state, decimal 0 - output 92% and a least preferred state, decimal 6 -
output 85%). The machine did not have the same difficulty with learning the least
preferred patterns present in the 3-atom micro-world.

The vast majority of the results for the individual specific premises indicate that
the machine can select appropriate preferred model states. For example, consider
premises; “0, 1, 0, 0”, “0, 0, 0, 17, “-1, 0, 0, 0", “0, O, -1, 17, “0, -1, O, -1”, “1, -1, O,
-1”and “-1, 0, -1, -1”. The machine not only selects the correct model states placing
them in the correct ranking, but it also maintains a qualitative degree of separation
between states that might be expected from the levels in the ranked interpretation.

However, there were some exceptions to this expected behavior: for example
premises “0, 0, -1, 0” and “-1, 0, -1, 0”. In these circumstances the machine
‘performs a tie-break’ between models that should have the same state frequencies.
We believe in these situations the machine demonstrates it ability to learn not just
state but atomic distributions and to retrieve information related to atomic
dependency within its training set. As mentioned earlier, this will be the basis of
discussion in a further paper.

3.5 5-Atom Micro-World

The results of testing against the neutral premise in the 5-atom micro-world were
mixed (Figures 14 - 17). The average error per state was maintained at an acceptable
level: on the worst training set with 158 patterns under 2% and on the best training
set, with 120 patterns, just over 1.5% + 0.05. However, these numbers exaggerate
the accuracy of the machine in this world. On all the training sets the machine
grossly underestimated the probability of the most preferred model states. Moreover
testing in the training sets with the least preferred patterns absent, demonstrated that
the design of this micro-world had many dependent variables, the machine was ‘tie-
breaking’, even where the premise made no observation of the environment.
Initially this was felt to be unacceptable.



It was decided for completeness however, that 12 more specific premises would
be tested (Figures 18 - 20). The training set with 158 patterns was used for this
testing: it has an exponential distribution and the least preferred model states are
present. Looking at the fully specified premises, “1,-1,-1,-1"and “1, 1, -1, 1, 17, it
can be seen that the machine was adequately trained across the whole distribution (a
most preferred state, decimal 16 - output 97% and a least preferred state, decimal 27
- output 89%)).

Despite the failings of testing against the neutral premise, selection of model
states from the specific premises was remarkably appropriate. For example consider
premise “0, -1, 0, -1, 17; this premise selects states over a range of the most
preferred models. The selected states are correct, their ranking is correct and the
magnitude of the separation between states is appropriate. Similarly premises “0, -1,
0, 0, I” and “I, -1, 0, 0, 1” select a range of states, including the least preferred
models; again these states are correctly selected and ranked with appropriate
separation. Only premise “0, -1, 0, 0, 0” causes difficulty; it is quite close to the
neutral premise and requires 16 model states to be retrieved. Still this result is
acceptable, but with a narrow margin between each of the models.

3.6 6-Atom Micro-World

The results of testing against the neutral premise in the 6-atom micro-world were
mixed (Figures 21 & 22 - only two of the training sets are shown because of their
size). The average error per state on the worst training set with 332 patterns was just
over 1% and on the best training set with 180 patterns was a remarkable 0.3% +
0.02. However, on training sets where a large majority of patterns are expected to
return 0, the average error per pattern will be ‘diluted’. As for the 5-atom world, the
machine underestimated the probability of the most preferred model states on all the
training sets. Moreover, on the training sets with least preferred patterns present, the
small percentage separation between ranking levels became blurred or even
overlapped.

Again for completeness, it was decided that 12 specific premises would be tested
(Figures 23 & 24). The training set with 232 patterns was used for this testing: it has
an arithmetic distribution and the least preferred model states are present. Looking
at the fully specified premises, “1, -1, -1,-1,-1,-1"and “-1,1,1, 1, 1, 17, it can be
seen that the machine was adequately trained across the whole distribution (a most
preferred state, decimal 31 - output 96% and a least preferred state, decimal 27 -
output 93%).

Despite the shortcomings of the testing with the neutral premise, selection of
model states from the more specific premises was accurate. For premises with less
than three uncertain atoms the machine correctly selects and ranks models states,
with a degree of separation appropriate for the ranked interpretation. Model
selection only becomes marginal with three uncertainties, for example “0, -1, 0, -1,
0, 1”. For premise “0, -1, 0, -1, -1, 0” the selection of the most preferred states is
overlapped: (32), (33), (0) and (1), but in this situation the machine is ‘performing a
tie break’ based on the atomic probability of dependent variables.

We did not test the Boltzmann machine representation beyond the 6-atom world:
considering its stochastic error of approximately 2% per state and that the next level
of complexity (7-atoms/preference levels) comprises 128 states. The Boltzmann
machine is known to scale poorly from small to larger tasks but this could perhaps
be addressed by a longer, slower annealing and training process.



4 Multilayer Perceptron (MLP)

The MLP was chosen as a typical candidate feed-forward network, to ascertain
whether this most common type of neural network could represent a probabilistic
distribution over the output states.

4.1 Implementation

The MLP architecture for our representation consisted of input nodes, one for each
atomic variable (n) in the micro-world, a hidden layer and output nodes locally
coded, one for each of the world states (2"). Biases were included in both the
hidden and output layers. The implementation can be seen as a function converting
binary to decimal numbers. The implementation was first separately verified with a
flat distribution over all 16 training patterns in the 4-atom micro-world and tuned
with regard to: number of hidden nodes, learning rate (typically 0.4) and
momentum (typically 0.8). The final numbers of hidden nodes were: 6 in the 4-
atom world and 10 in the 5-atom world. Verification on previously seen atomic
training patterns gave single output activations on the corresponding decimal state
of over 0.9 and activations of under 0.1 on the others.

4.2 Results in General

The MLP was only tested in the 4-atom and 5-atom micro-worlds. Machines were
trained with the proportional set of patterns based on the ranked interpretation
derived from the default rules of the micro-world. The training and testing
followed exactly in the fashion of the Boltzmann machines. The results for testing
of the MLP representation are given in Appendix C.

4.3 4-Atom Micro-World

The results of testing against the neutral premise in the 4-atom micro-world were
uniformly unsatisfactory (Figures 25 & 26). The average error per state on the worst
training set with 96 patterns was over 10% and on the best training set with 90
patterns was over 8%. Examination of any of the individual machine runs or
average results confirms that the network is not representing the input distribution.

There is however, a subtle relationship between the expected distribution and the
machine output. The machine weights are maximally trained to the states, which are
the least frequent input patterns. These maximally trained weights have a
predominate effect on the network output because of the low overall activation of
the network. In the case of training sets 88-0 and 90-0 the intermediate preference
states are least frequent (the least preferred states are absent). The architecture and
learning algorithm of the MLP are not designed for the task of ‘recalling’ the
training set distribution.

The results for testing against 28 specific premises are shown in Figures 27 - 30).
The training set with 98 patterns was used. Looking at the fully specified premises;
“1,-1,-17, 1, -1, -1, 17, “1, -1, -1, -1” and “1, -1, -1, 17, it can be seen that the
machine was adequately trained across the whole distribution (a most preferred
state, decimal O - output 99% and a least preferred state, decimal 6 - output 97%).

The vast majority of results for the individual specific premises indicate that the
machine can select model states, but not in the correct preference ranking and not
with an appropriate degree of separation between the levels of preference. For most
of the premises where selection of multiple levels is required, the machine often



outputs a uniform distribution across all levels of preference, for example premises
“-1,0,0, 17 and “-1, -1, 0, 0”. The more uncertainty in the premise, the poorer is
the representation of the input distribution.

Where the MLP is given almost complete information in the premise, Figure 30,
it is able to appropriately rank two model states at different levels.

4.4 5-Atom Micro-World

The results of testing against the neutral premise in the 5-atom micro-world were
uniformly unsatisfactory (Figures 31- 34). The average error per state on the worst
training set with 142 patterns was close to 6% and on the best training set with 136
patterns was over 4%. This may seem reasonable but examination of any of the
individual machine runs or average results confirms that the network is not
representing the input distribution.

The same subtle relationship between the expected distribution and the machine
output applies in this micro-world as in the 4-atom world. The machine weights are
maximally trained to the states, which are the least frequent input patterns. The
architecture and learning algorithm of the MLP are not designed for this task.

The results for the individual specific premises (Figures 35 - 37) indicated as in
the 4-atom world, that although the machine can select correct model states: the
preference ranking and degree of separation between the levels of preference were
incorrect. Again, where selection of multiple levels of preference was required, the
machine would often output a uniform distribution. The more uncertainty in the
premise, the poorer was the representation of the input distribution. This can be seen
in Figure 37 where two bits of the premise are uncertain or for example in premise
“0, -1, 0, 0, 1” where three bits of the premise are uncertain. Often one of the least
preferred model states had the highest output. Even where the premise was almost
fully specified, for example “1, -1, -1, -1, 0” the MLP was not able to place two
model states appropriately at the same level.

The MLP representation was not tested beyond the 5-atom (preference level)
environment as we felt its performance had already been unsatisfactory at both the
previous levels.



Appendix A: Micro-Worlds

Default Rules:

3 Atom Micro-World
Fan, Heater, Window

f=fan on, h = heater on, w = window open

8 Possible states of the world

Energy conservation, usually =F and -=H, W has no cost
Warm environment, F more common than H
Consistency, F->W, H -> =W

Exponential Arithmetic
Ranked Intrepretation # % # % # % # %
-1-1-1(0)  -1-11(1) 16 40.0%, 16 36.4%| 10 333%| 10 29.4%
1-1-1(4) 1-11(5) 4 10.0%| 4 9.1% 5 16.7% 5 14.7%
-11-1(2) -111(3) 0 0.0% 1 2.3% 0 0.0% 1 2.9%
11-1(6) 111(7)
Total patterns= 40 44 30 34

Figure 1.

of patterns in the training sets are shown.

Details of the 3-atom micro-world. Ranked interpretation and the distribution

4 Atom Micro-World
Light, Fan, Heater, Window

Default Rules:

16 Possible states of the world
| = light on, f = fan on, h = heater on, w = window open

Energy conservation, usually -F and -H, W and L have no cost
Warm environment, F more common than H
Consistency, F->W, H -> -W

Lis independent

Exponential Arithmetic
Ranked Intrepretation # % # % # % # %
-1-1-1-1(0) -1-1-11(1) 1-1-1-1(8) 1-1-11(9) 16 182%| 16 16.7%| 15 16.7%| 15 15.3%
-11-11(5)  11-11(13) 8 9.1% 8 83% | 10 11.1% 10 10.2%
-1-11-1(2) 1-11-1(10) 4 4.5% 4 4.2% 5 5.6% 5 5.1%
-1-111(3)  -11-1-1(4) -111-1(6) -1111(7) 0 0.0% 1 1.0% 0 0.0% 1 1.0%
1-111(11) 11-1-1(12) 111-1(14) 1111(15)
Total patterns= 88 96 90 98
Figure 2. Details of the 4-atom micro-world. Ranked interpretation and the distribution

of patterns in the training sets are shown.




5 Atom Micro-World
Light, Fan, Airconditioning, Heater, Window

32 Possible states of the world

| = light on, f = fan on, a = aircon on, h = heater on, w = window open

Default Rules:
L independent and usually on

Energy conservation, usually -A, -F and -H, W and L have no cost
Warm environment, A and F more common than H

Consistency, A->W, F->W, H->-W

Exponential Arithmetic
Ranked Intrepretation # % # % # % # %
1-1-1-1-1(16) 1-1-1-11(17) 32 235%| 32 203%| 20 16.7%| 20 14.1%
-1-1-1-1-1(0) -1-1-1-11(1) 16 11.8%| 16 10.1%| 15 12.5%| 15 10.6%
-1-11-11(5) -11-1-11(9) 1-11-11(21) 11-1-11(25) 8 5.9% 8 51% | 10 83% | 10 7.0%
-1-1-11-1(2) 1-1-11-1(18) 4 2.9% 4 2.5% 5 4.2% 5 3.5%
All other states 22 0 0.0% 1 0.6% 0 0.0% 1 0.7%
(3), (4), (6) - (8),
(10) - (15), (19), (20),
(22) - (24), (26) - (31)
Total patterns= 136 158 120 142
Figure 3. Details of the S-atom micro-world. Ranked interpretation and the distribution
of patterns in the training sets are shown.
6 Atom Micro-World
Light, Fan, Airconditioning, Heater, Open Fire, Window 64 Possible states of the world
| = light on, f = fan on, a = aircon on, h = heater on, o = fire lit, w = window open
Default Rules:
L independent and usually on
Energy conservation, usually -0, -A, -F and -H, W and L have no cost
Warm environment, A and F more common than O and H
Consistency, A->W, F->W, 0->-W,H->-W
Exponential Arithmetic
Ranked Intrepretation # % # % # % # %
1-1-1-1-1-1(32) 1-1-1-1-11(33) 64 229%| 64 193%| 25 13.9%| 25 10.8%
-1-1-1-1-1-1(0) -1-1-1-1-11(1) 32 11.4%| 32 9.6% 20 11.1% 20 8.6%
-1-11-1-11(9) -11-1-1-11(17) 1-11-1-11(41) 11-1-1-11(49) 16 5.7% 16 4.8% 15 8.3% 15 6.5%
-1-1-11-1-1(4) 1-1-11-1-1(36) 8 2.9% 8 2.4% 10 5.6% 10 4.3%
-1-1-1-11-1(2) 1-1-1-11-1(34) 4 1.4% 4 1.2% 5 2.8% 5 2.2%
All other states 52 0 0.0% 1 0.3% 0 0.0% 1 0.4%
(3), (5) - (8), (10) - (16)
(18) - (31), (35), (37) - (40),
(42) - (48), (50) - (63) |
Total patterns= 280 332 180 232

Figure 4.

of patterns in the training sets are shown.

Details of the 6-atom micro-world. Ranked interpretation and the distribution




Appendix B: Blotzmann Machine Results

Testing with neutral premise "0, 0, 0"

Training Set: 40-0 Avg Stdev
Ranked Interpret.| State Expected %| |Samples Output % Samples Output %| Samples Output %| Samples Output % Samples Output % | Samples Output %
(0), (1) 0 40.0% 22785 38% 22638 38% 22070 37% 23192 39% 21902 37% 112587 37.5%
40.0% 21589 36% 21534 36% 22435 37% 21517 36% 22896 38% 109971  36.7%
(4), (5) 2 0.0% 65 0% 79 0% 54 0% 81 0% 70 0% 349 0.1%
3 0.0% 67 0% 67 0% 72 0% 62 0% 76 0% 344 0.1%
(2), (3), (6), (7) 4 10.0% 7509 13% 8434 14% 7711 13% 7562 13% 7217 12% 38433  12.8%
5 10.0% 7768 13% 7038 12% 7456 12% 7378 12% 7642 13% 37282 12.4%
6 0.0% 94 0% 115 0% 95 0% 96 0% 102 0% 502 0.2%
7 0.0% 123 0% 95 0% 107 0% 112 0% 95 0% 532 0.2%
Accumulated error = 12.1% 12.8% 11.7% 11.0% 10.7% 11.6% 0.84
Avag. error per state = 1.5% 1.6% 1.5% 1.4% 1.3% 15% +0.11

Training Set: 44-1

Ranked Interpret.| State Expected %| |Samples Output % Samples Output %| Samples Output %| Samples Output % Samples Output % | Samples Output %

(0), (1) 0 36.4% 18259 30% 16717 28% 16678 28% 16446 27% 16858 28% 84958  28.3%
1 36.4% 20601 34% 22669 38% 21771 36% 22735 38% 21492 36% 109268  36.4%
(4), (5) 2 2.3% 995 2% 793 1% 789 1% 908 2% 986 2% 4471 1.5%
3 2.3% 1756 3% 1518 3% 1543 3% 1616 3% 1782 3% 8215 2.7%
(2), (3), (6), (7) 4 9.1% 7132 12% 7395 12% 7511 13% 7423 12% 7751 13% 37212 12.4%
5 9.1% 7288 12% 6924 12% 7598 13% 6671 11% 6992 12% 35473 11.8%
6 2.3% 1399 2% 1451 2% 1395 2% 1573 3% 1515 3% 7333 2.4%
7 2.3% 2570 4% 2533 4% 2715 5% 2628 4% 2624 4% 13070 4.4%

Accumulated error = 17.2% 18.8% 19.2% 19.4% 18.9% 17.6% +0.89

Avg. error per state = 2.1% 2.4% 2.4% 2.4% 2.4% 22% *0.11

Figure 5. Results for the Boltzmann machine in the 3-atom micro-world, tested against
the neutral premise. States are given in decimal format.

Training Set: 30-0

Ranked Interpret.| State Expected % |Samples Output %|Samples Output % Samples Output %| Samples Output %| Samples Output %| | Samples Output %
(0), (1) 0 33.3% 19146 32% 20541 34% 19558 33% 20262 34% 19393 32% 983900 33.0%
1 33.3% 19843 33% 18646 31% 18842 31% 19381 32% 19579 33% 96291  32.1%
(4), (5) 2 0.0% 77 0% 90 0% 70 0% 63 0% 64 0% 364 0.1%
3 0.0% 82 0% 82 0% 88 0% 82 0% 79 0% 413 0.1%
(2), (3), (), (7) 4 16.7% 10233 17% 10073 17% 10988 18% 10392 17% 10811 18% 52497 17.5%
5 16.7% 10440 17% 10392 17% 10286 17% 9636 16% 9911 17% 50665 16.9%
6 0.0% 88 0% 85 0% 81 0% 85 0% 82 0% 421 0.1%
7 0.0% 91 0% 91 0% 87 0% 99 0% 81 0% 449 0.1%
Accumulated error = 3.2% 4.4% 5.2% 3.3% 3.7% 3.1% +0.85
Avg. error per state = 0.4% 0.6% 0.7% 0.4% 0.5% 04% +0.11

Training Set: 34-1

Ranked Interpret.| State Expected % | Samples Output % Samples Output %| Samples Output % Samples Output % Samples Output % | Samples Output %

(0), (1) 0 29.4% 13292 22% 13786 23% 15022 25% 14518 24% 14415 24% 71033  23.7%
29.4% 18339 31% 17681 29% 17560 29% 17384 29% 17443 29% 88407  29.5%
(4), (5) 2 2.9% 1791 3% 1836 3% 1839 3% 1867 3% 1715 3% 9048 3.0%
3 2.9% 3070 5% 3123 5% 3269 5% 3006 5% 3109 5% 15577 5.2%
(2), (3), (6), (7) 4 14.7% 9196 15% 9566 16% 8596 14% 8598 14% 8742 15% 44698 14.9%
5 14.7% 9465 16% 9034 15% 8700 15% 9393 16% 9379 16% 45971 15.3%
6 2.9% 1815 3% 2049 3% 1905 3% 2002 3% 2127 4% 9898 3.3%
7 2.9% 3032 5% 2925 5% 3109 5% 3232 5% 3070 5% 15368 5.1%

Accumulated error = 14.7% 13.0% 10.3% 12.2% 12.0% 11.6% +1.59

Avg. error per state = 1.8% 1.6% 13% 1.5% 1.5% 15% +0.20

Figure 6. Results for the Boltzmann machine in the 3-atom micro-world, tested against
the neutral premise. States are given in decimal format.
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Results for the Boltzmann machine in the 3-atom micro-world, tested against

Figure 7.

specific premises. States are given in decimal format.
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Results for the Boltzmann machine in the 4-atom micro-world, tested against

Figure 8.

the neutral premise. States are given in decimal format.



So00¥F
LLro¥

800F
rF

%9'T %9°'T %9'T %9'T %9°'T %S'T = 93e3s Jad Joud ‘Say
HE'ST %E'ST %292 %292 %6°ST %v°vT = 10413 pajenWnAdY
%T'T vTv9 %0 3141 %TT 8TET %1'T [4:14 %0 0LTT %Y'T TEPT %0'T ST
%8'T Z6YS %6'T 8YTT %L'T 8T0T %8'T €01T %0 8121 %L'T S00T %0'T 121
%9°L 1622 %0'8 v6LY %9°L (4134 %0°L LTy %S'L LOSY %18 T8y %T0T €1
BLE zzott %8'E | 7444 %LE 1€2C %Y'E (414 %LE [1)844 %8'E 8922 %0'T 4
%L'T SpI8 %L'T 76ST %8 9891 %8'C ¥891 %8 S891T %S'T 861 %0'T 31
%1'S 1€2ST %6V 1962 %1'S v80E %E'S YSIE %0'S S86Z %1'S LY0E %1'S ot
%8'ET 9TYIY UYL 8508 %L'ET 8zz8 %6'ET [443 %Y ET 9€08 %0'vT [43:3 %E'ST 6
%S'ET EVPOY %TET LT16L %9°TT vLSL %TYT 0LY8 %V'ET 7908 %0'tT o0zvs %E'ST 8
%T'T 6299 %02 8811 %v'T SSYT %E'T 90vT %T'T 19241 %T'T 60ET %0'T L (sT) “(v1) “(21) “(T7)
%6'T v65S %6'T LYTT %8'T 150T %8'T L60T %0 6L1T %6'T 0zIT %0'T 9 “(2)(9) “(v) “(e)
%1'8 9TIYT %T'8 (4734 %8'L €897 %8 Z108 %0'8 €8LY %0'8 908Y %T0T S
%9'E ¥990T %S'E 8112 %Y'E SY0T %9'E 9812 %LE 9zeT %S'E 6807 %0'T 14 (o) ‘(2)
%8'T [443:3 %67 TELT %0'E 981 %L'T YEIT %8 6491 %Y'T TSPT %0'T €
%T'S 9€2ST %T'S €60€ %T'S SOTE %Y'S 8ETE %9V 9542 %T'S ¥P0E %T'S z (1) (s)
%TET EYS6E %CET 6761 %6'ET 89€8 %TET vS8L %S'ET vZ18 %L 892L %E'ST 1
%6°CT 7L98€ %STT J1374 %61 99LL %CTT 662L %SET 6018 %E'ET 1008 %E'ST 0 (6) “(8) (1) “(0)
%inding  sajdwios % inding  saydwos | % inding  sajdwos | % inding  sajdwos | %inding  sadwos | 9% inding  sajdwios % paradx3y oIS 2.4d133u] payuny
1-86 395 dujujes)
%L'0 %80 %L'0 %L'0 %80 %90 = a3e3s Jad Joud "3ny
%TIT %9°ZT %S0T %6'TT %TTT %8'6 = 10112 paje|NWndY
%20 SYS %20 621 %20 06 %T0 441 %T0 901 %T0 901 %00 ST
%10 10€ %10 SE %10 09 %10 08 %10 £9 %10 £9 %00 121
%L'8 w192 %8'8 6675 %6'8 LEES %58 8605 %S'8 €605 %6'8 LIES %UTT €1
%10 0sT %00 14 %10 33 %10 9€ %00 9z %10 [43 %00 (41
%10 181 %10 6€ %10 124 %10 €€ %10 €€ %10 SE %00 41
%6’V YSLYT 344 €18 %T'S 14413 %8'% €062 %T'S 8LOE %T'S oYIE %9'S 1)
%1'8T 9THYS %1°8T 78801 %L'8T 96T1T %LLT S¥90T %9°8T 18111 %S'LT (44503 %L'9T 6
%v'LT 0€22S %LLT 00901 %TLT 6620T %E'LT 88€E0T %8'LT 15901 %TLT 26201 %L'9T 8
%20 9% %T0 234 %10 174 %0 911 %T0 86 %10 €9 %00 L (sT) “(v7) “(21) “(TT)
%10 413 %10 €5 %10 6L %T0 LS %10 0s %10 €L %00 9 “(2)(9) “(¥) “(€)
%8'8 STEST %06 90vS %16 (4447 %58 001S %9'8 SY1S %L'8 [4145 %TTT S
%00 6ET %00 0z %10 [43 %00 124 %10 €€ %10 0€ %00 14 (o1)(2)
%10 181 %10 [43 %10 LE %10 vy %00 62 %10 6€ %00 €
%E'S vI6ST %0'S 1862 %T'S 001€ %SG 0ZEE %0°S S66Z %6'S (4253 %9°S 4 (€1)“(s)
%581 ¥955S %881 8SZIT %L'8T 86111 %L'8T 147441 %T'8T 17601 %E'8T 95601 %L9T [
%S'LT TLETS %LLT €1901 %v°'9T 8986 %T'8T TE80T %S°LT 8Lv0T %9°LT 78501 %L'9T 0 (6) “(8) (1) “(0)
% Inding  sajdwios % inding  saydwos | %Inding  sajdwos | % Inding  sajdwos | %3inding  saydwos | % Inding  sajdwios % paadxy oIS 3.4di33u) payuoy

0-06 :39S Bujujesy

Results for the Boltzmann machine in the 4-atom micro-world, tested against

Figure 9.

the neutral premise. States are given in decimal format.
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Results for the Boltzmann machine in the 4-atom micro-world, tested against

Figure 10.

specific premises. States are given in decimal format.



%L 89S %0 St %0 T %0 St %0 0 %0 St %0 13 %0 ST
%0 T %0 12 %L 3 %0 14 %0 0 %0 14 %0 1 %0 121
%S 43:14 %0 € %0 119 %0 €1 %0 ot %0 €1 %L L0TT %0 €1
%0 6 %0 (41 %L €95 %0 (41 %0 S %0 (41 %L E14% %0 (41
%L 9ES %0 111 %0 ot %0 n %0 987 %0 11 %0 € %0 111
%0 ot %0 ot %E Wit %0 ot %L L19 %0 ot %0 8 %0 ot
%S €8TE %0 6 %0 LE %0 6 %L 1148 %0 6 % 08SZ %0 6
%0 [44 %0 8 %L S66€ %0 8 %E SEBT %0 8 %E [4:7A9 %0 8
%L 1944 % L o %0 oy %0 L . %0 6 %0 L N %0 8 %0 L =
%0 SE %0 9 (£)(e) %9 SESE %Y 9 (9)(v) %0 9 %0 9 (€) %0 €5 %0 9 (v)
%EE 95861 %LE S %0 1114 %0 S %0 90T %0 S %8T 610TT F374 S
%0 €01 %0 14 - %6 9918 %Y 14 @ %0 €8 %0 v (@ %9 0LLE %T 12 -
%L SL6E %t € %0 68 %0 € %9 £99¢E %E € %0 9 %0 €
%0 8 %0 [4 (s) %P 14444 %EC [4 %YL €678 %YL [4 N %0 66 %0 [4 (s)
%0¥ BEOVT %95 T %L 9z€ %0 T %IE 20881 k344 1 %8E vLLTT %LE T
%0 0€Z %0 0 (1) %6V LS96T %89 0 (0) %Ly 114374 k44 0 (1)(0) %LT S8EIT %LE 0 (1)(0)
% inding sajdwos 9% dadx3  2i03s | IdIaju| payuny % Inding sajdwos 9% 12adx3  A0IS | IdI3uf payuDY 9%3ndinQ sajdwps % 123dx3  A0IS | 313U payuDy % IndinQ sajdwos 9% 12adx3 230315 | IdIaJu] payuDy
W00 JI-0°0°T, W00°T- T, W0 T- 0T,
%0 €9 %0 ST %0 €1 %0 St %0 0 %0 ST %0 67 %0 ST
%0 STT %0 14 %0 0 %0 141 %0 62 %0 14 %0 0 %0 143
%0 T %0 €T %0 961 %0 €T %0 0 %0 11 %1T LLETT %0T 11
%0 S %0 (41 %0 0 %0 [49 %0 19 %0 (41 %0 w %0 (41
%1T 8LE9 %8 119 %9 Y0SE %E n %0 9 %0 119 %0 [4 %0 119
%8E ETLTT k144 (9 %0 SL %0 ot %91 5596 %ET ot %0 0 %0 ot
%0 16C %0 6 %y 0029z %Ly 6 %0 [4A% %0 6 %6T 66SLT %0E 6
%L TS %0 8 %L 1343 %0 8 %EE S666T %8E 8 %0 091 %0 8
%0 14 %0 L (t1) %0 9 %0 L (t1) %0 0 %0 L E %0 62 %0 £ -
%0 [49 %0 9 (€) %0 0 %0 9 (€) %0 LE %0 9 = %0 0 %0 9 a2
%0 T %0 S %0 1344 %0 S %0 [4 %0 S %0T 91811 %0T S
%0 1 %0 14 (ot)(2) %0 0 %0 14 %0 95 %0 v (o1)(2) %0 8¢ %0 v =
%0T €L79 %8 € %9 0LLE %E € %0 14 %0 € %0 9¢ %0 €
%8E  SSSTT %Iy 4 - %0 8 %0 z . %91 Tov6  %ED z - %0 0 %0 4 (€1)(s)
%L e %0 T b 44 117474 %Ly T %0 68T %0 1 %6T 049L1 %0E T
%L €55 %0 0 - %1 10€ %0 0 (6)(r) %YE  BETOT  %SE 0 (8)(0) %0 434 %0 0 (6)(1)
% nding sajdwos 9% Padx3  2wis | Id1a3ul payupy % ndino sadwos 9% adx3  A0)S | 3d1a3ul payuby %nding  sajdwos % 1adx3  A0)S | 3d1au payuoy % ndino sajdwos % Padx3 A0S | dIagu| payupy
w0 ‘T T- ‘0, w0104 WwT- 0 “T- ‘0, JIT-0°0,

:sasjwald yym Supsal

Results for the Boltzmann machine in the 4-atom micro-world, tested against

Figure 11.

specific premises. States are given in decimal format.
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Results for the Boltzmann machine in the 4-atom micro-world, tested against

Figure 12.

specific premises. States are given in decimal format.



%0 9L %0 St %L 2408 %0 St %0 0 %0 St %0 0 %0 ST
%0 SvT %0 121 %0 T %0 12 %0 1 %0 129 %0 14 %0 12
%0 1)1 %0 €1 %8 wLy %0 19 %0 0z %0 €1 %0 14 %0 €1
%0 S %0 [4% %0 128 %0 [4% %L ££8 %0 4" %0 L0T %0 ua
%0C  OTLIT %91 19 %0 9 %0 19 %0 [4 %0 14 %0 601 %0 49
%99 S6S6E %8 19 %0 0 %0 0t %0 61 %0 ot %IE  TI88T  %ST (1)1
%L (89 %0 6 %0 [£] %0 6 %0 e %0 6 %L 04 %0 6
%E 6E9T %0 8 %0 0 %0 8 %8 6ELY %0 8 %09 LOT9E %SL 8
%0 9 %0 L (11) %L1 T8E0T %6 L . %0 0 %0 L - %0 0 %0 L -
%0 8 %0 9 . %0 131 %0 9 () %0 U %0 9 (v) %0 4 %0 9 .
%0 0 %0 S %L S00€y  %I6 S %0 Y0z %0 S %0 0 %0 S
%0 0 %0 v (ot) %0 (ST %0 14 - %YL 198 %9 v %0 I %0 v (ot)
%L ETET %0 € %0 9% %0 £ %0 1 %0 £ %0 S %0 £
%8 Sh9v %0 4 : %0 0 %0 [4 (s) %L 9z¢ %0 4 . %L 744" %0 4 -
%0 s %0 1 %L [444 %0 T %L 079 %0 T %0 T %0 T
%0 L0T %0 0 s %0 9 %0 0 g %SL  898%Y %6 0 (0) %S 01¢ %0 0 (8)
%nding sajdwos 9 adx3 05 | Jdau| payuoy %nding sajdwos 9% 1adx3  ais | yd1azul payuoy %nding  sajdwos 9 1adx3  ais | Id1aguf payuoy %nding  sajdwos 9 adx3 035 | Jd1au| payuby
._O -ﬂ :n- ~ﬁ= ._.n .O -.H ~ﬁ-= ._.H- ..n. .O rﬁn.. _.ﬁ- -O :H- ~ﬁ=

1-86 395 Bujues) Buisn

Results for the Boltzmann machine in the 4-atom micro-world, tested against

Figure 13.

specific premises. States are given in decimal format.
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Results for the Boltzmann machine in the 5-atom micro-world, tested against

Figure 14.

the neutral premise. States are given in decimal format.
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Results for the Boltzmann machine in the 5-atom micro-world, tested against

Figure 15.

1 format.

decima

1ven m

the neutral premise. States are g



S00F
SLTF

A9pPIS

%S'T %Y'T %9'T %9'T %S'T %9'T = 23835 Jad Jousd 3y

%9°8Y 00000€ %6°St 00009 %8'6Y 00009 %L 6 00009 %18t 00009 %66V 00009 = J0.I3 Paje|NWNDY

%00 9 %00 0 %00 T %0'0 4 %0°0 4 %0°0 1 %00 1€

%00 T %00 0 %00 T %0'0 0 %00 0 %00 0 %00 0€

%0'T €0T€ %0°T 885 %90 9vE %T'T %9 %S'T 088 %T'T 8v9 %00 6C

%0°0 0 %00 0 %0°0 0 %0'0 0 %00 0 %00 0 %00 f:14

%00 £ %00 6 %0°0 8 %00 12 %00 43 %00 ot %00 14

%1°0 STy %20 ({0} %1°0 S8 %10 oL %10 6L %10 6L %00 9z

%6'8 02492 %0'6 T0vS %8 6687 %Y'6 €295 %9'8 0S1S %b'6 9%95 %E'B 14

%0°0 9ET %00 67 %00 174 %00 9z %10 O %00 L %00 174

%0°0 S9 %00 ot %0°0 L %00 w %00 it %0°0 ST %00 14

%20 8LY %1°0 (44 %1°0 98 %0 Y01 %20 [43 %20 08 %00 w

%8'8 5259 %0'6 YIvS %Y'6 €195 %8'8 8615 %58 0605 %58 0TIS %E'B 114

%00 szt %00 Y4 %00 134 %00 V4 %00 9z %00 [44 %00 0z

%00 6L %00 ST %00 174 %00 28 %00 44 %00 vl %00 6T

%TE 9€S6 %Y'E 590 %6T 65LT %T'E 6581 %EE 1561 %TE 2061 %Y 8T

%L°6T 99145 %061 SBETT %661 S961T %C°0Z TET2T %9°LT 89501 %S'8T LITTT %L'9T LT

%LL 8867C %9°L 1850 %E'8 1667 %9°L ShSy %0'8 €6LY %8'9 8.0V %L°9T )4

%00 vE %00 1 %00 43 %0'0 6 %00 4 %0°0 ot %00 ST

%0°0 z %00 0 %00 0 %0'0 0 %00 0 %00 4 %00 T

%0'T 8S0€ %60 1375 %90 69€ %60 [413 %S'T €06 %T'T €EL %00 €T

%0°0 4 %00 1 %0°0 0 %00 0 %00 1 %00 0 %00 43

%00 99 %00 9T %0°0 49 %00 1T %00 41 %00 ST %00 1T (1€)-(92) “(v2)-(z2)

%10 1244 %20 901 %1°0 oL %20 80T %10 8L %10 8 %00 ot (02) “(61) “(sT)-(0T)

%L'6 v2062 %16 8EVS %16 1995 %E'6 1655 %01 6219 %L°0T S0v9 %E'8 6 (8)-(9) “(¥) “(€)

%00 81T %00 4 %00 0z %00 9z %00 6 %10 9€ %00 8 7T 591835 JaYI0 ||y

%0°0 15 %00 v %0°0 ot %0'0 S %00 w %00 ot %00 L

%1°0 60V %10 44 %1°0 69 %20 6 %10 €8 %20 €6 %00 9 (81) (2)

%66 6186 %b'6 v195 %E 0T 5029 %E'6 vLSS %9°01 8EEY %1°0T 8809 %E'8 S

%1°0 v9T %10 £ %0°0 [44 %00 114 %10 6€ %10 6€ %00 v (s2) (12) “(8) “(S)

%00 SOt %00 8T %00 0z %00 174 %00 9z %00 L1 %00 €

%T'€E 1526 %0°€ TLLT %b'T 324 %V'E £50 %TE €681 %S'E £80T BTV 4 (1) (o)

%061 950LS %8'8T 18211 %0°0C 9/61T %161 SEVTT %8'8T 19211 %581 €0TTT %S°ZT 1

%L'L TT0€Z %68 89€S %S°L 6LYY %69 69TV %S°L 88YY %S°L LOSY %S'TT 0 (1) “(91)
% IndinQg  sajdwes % Inding  sajdwes | % Inding sajdwes | % Inding  sajdwes | % IndinQ  sajdwes | % IndinQ  sajdwes 9% pajyadxy  aeis 191d193u| payuey

Say 0-02T :39S Bujuiesy

40 ‘0 ‘0 ‘0 ‘0., @siwaud |enynau yam Sunsal

Results for the Boltzmann machine in the 5-atom micro-world, tested against

Figure 16.

the neutral premise. States are given in decimal format.
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Results for the Boltzmann machine in the 5-atom micro-world, tested against
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specific premises. States are given in decimal format.
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Figure 19. Results for the Boltzmann machine in the 5-atom micro-world, tested against
specific premises. States are given in decimal format.
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Figure 20.  Results for the Boltzmann machine in the 5-atom micro-world, tested against
specific premises. States are given in decimal format.



Testing with neutral premise "0, 0, 0, 0, 0, 0"

Training Set: 180-0 Avg
Ronked interpret. Stote  Expected % Samples  Output % | Somples Output % | Somples Output % | Somples  Output % | Somples  Output % Samples  Output %
(32),(33) 0 11.1% 6244 10.4% 6065 10.1% 6133 10.2% 7025 11.7% 6822 114% 32289 10.8%
1 11.1% 7667 12.8% 8139 13.6% 8446 14.1% 8307 13.8% 7658 12.8% 40217 13.4%
(0), (1) 2 28% 3030 5.1% 2677 45% 2698 4.5% 2996 5.0% 3347 5.6% 14748 49%
3 0.0% 3 0.1% 28 0.0% 29 0.0% 2 0.0% 19 0.0% 128 0.0%
(9), (17), (1), (49) 4 5.6% 253 42% 2430 4.1% 2562 43% 2270 38% 2490 4% 12286 41%
5 0.0% 25 0.0% 2 0.0% 31 0.1% 41 0.1% 31 0.1% 152 0.1%
(4), (36) 6 0.0% 216 0.4% mn 03% 217 0.4% 228 0.4% 249 0.4% 1081 0.4%
7 0.0% 0 0.0% 0 0.0% 1 0.0% 2 0.0% 2 0.0% s 0.0%
(2),(34) 8 0.0% 35 0.1% 33 0.1% 34 0.1% 31 0.1% 29 0.0% 162 0.1%
9 83% 5054 84% 5447 9.1% 4821 8.0% 4716 79% 4928 8.2% 24966 83%
Al other states 52 10 0.0% 92 0.2% 59 0.1% 55 0.1% 3 0.1% 67 0.1% 306 0.1%
(3), (SH(8), (10)-{16), 1 0.0% 34 0.1% 49 0.1% 24 0.0% 23 0.0% 25 0.0% 155 0.1%
(18)-(31),(35), (37)-(40) 12 0.0% 38 0.1% 20 0.0% 35 0.1% 25 0.0% 25 0.0% 143 0.0%
(42)-(48), (50)-(63) 13 0.0% s2 0.1% 61 0.1% 67 0.1% 89 0.1% 64 0.1% 3313 0.1%
14 0.0% 19 0.0% 16 0.0% 2 0.0% 42 0.1% 13 0.0% 112 0.0%
15 0.0% 0 0.0% 0 0.0% 0 0.0% (] 0.0% 0 0.0% (] 0.0%
16 0.0% 2 0.0% 2 0.0% 37 0.1% 3 0.1% 30 0.1% 144 0.0%
17 83% 5033 8.4% 5051 8.4% 4425 7.4% 5086 85% 4857 8.1% 24452 82%
18 0.0% 2 0.0% 39 0.1% 29 0.0% 43 0.1% 36 0.1% 168 0.1%
19 0.0% 31 0.1% 23 0.0% 39 0.1% 40 0.1% 26 0.0% 159 0.1%
20 0.0% 3 0.1% 2 0.0% 20 0.0% 27 0.0% 19 0.0% 119 0.0%
21 0.0% 32 0.1% 65 0.1% 48 0.1% 68 0.1% ” 0.1% 250 0.1%
2 0.0% S1 0.1% 53 0.1% 37 0.1% 2 0.1% 22 0.0% 195 0.1%
23 0.0% 0 0.0% 1 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.0%
2 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
235 0.0% 358 0.6% 180 03% 495 0.8% 320 05% 333 0.6% 1686 0.6%
2% 0.0% 3 0.0% 0 0.0% 0 0.0% 1 0.0% 1 0.0% S 0.0%
27 0.0% 5 0.0% 13 0.0% 9 0.0% 4 0.0% 14 0.0% 45 0.0%
28 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
29 0.0% 23 0.0% 16 0.0% 24 0.0% 27 0.0% 19 0.0% 109 0.0%
30 0.0% 5 0.0% 0 0.0% 1 0.0% 0 0.0% 0 0.0% 6 0.0%
31 0.0% 3 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 3 0.0%
2 139% 6144 10.2% 6329 105% 6576 11.0% 6245 10.4% 6615 11.0% 31909 10.6%
33 13.9% 7846 13.1% 7758 12.9% 8098 13.5% 6909 11.5% 7329 122% 37940 12.6%
34 2.8% 2666 44% 2891 48% 2627 4.4% 29711 5.0% 2609 43% 13764 4.6%
35 0.0% 13 0.0% 19 0.0% 29 0.0% 18 0.0% 11 0.0% 90 0.0%
36 5.6% 2128 35% 2843 47% 2291 38% 2479 4.1% 2450 41% 12191 4.1%
37 0.0% 15 0.0% 35 0.1% 32 0.1% 3 0.1% 28 0.0% 141 0.0%
38 0.0% 180 03% 232 0.4% 196 0.3% 199 03% 275 0.5% 1082 0.4%
39 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
40 0.0% 25 0.0% 2 0.0% 25 0.0% 18 0.0% 29 0.0% 125 0.0%
41 83% 4491 75% 4316 7.2% 4314 7.2% 3921 65% 4429 7.4% 21471 72%
42 0.0% a1 0.1% 49 0.1% 39 0.1% 49 0.1% 30 0.1% 208 0.1%
43 0.0% 19 0.0% 2 0.0% 2 0.0% 26 0.0% 23 0.0% 11 0.0%
4 0.0% 27 0.0% 39 0.1% 16 0.0% 20 0.0% 16 0.0% 118 0.0%
45 0.0% 52 0.1% 35 0.1% 61 0.1% n 0.1% 35 0.1% 255 0.1%
45 0.0% 10 0.0% 53 0.1% 20 0.0% 26 0.0% 27 0.0% 136 0.0%
47 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.0% 0 0.0% 1 0.0%
48 0.0% 2 0.1% 2 0.0% 24 0.0% 31 0.1% 32 0.1% 141 0.0%
49 83% 4773 8.0% 4203 7.0% 4516 7.5% 4877 81% 4475 7.5% 22844 76%
S0 0.0% 30 0.1% 25 0.0% 23 0.0% 41 0.1% 15 0.0% 134 0.0%
51 0.0% 28 0.0% 24 0.0% 16 0.0% 41 0.1% 19 0.0% 128 0.0%
52 0.0% 35 0.1% 17 0.0% 43 0.1% 33 0.1% 2 0.0% 152 0.1%
53 0.0% 7 0.1% 52 0.1% 65 0.1% n 0.1% 46 0.1% 306 0.1%
54 0.0% 70 0.1% 43 0.1% 49 0.1% ol 0.1% 23 0.0% 239 0.1%
55 0.0% 0 0.0% 1 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.0%
56 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
s7 0.0% si1 09% 193 03% s27 0.9% 292 05% 241 0.4% 1764 06%
58 0.0% 0 0.0% 2 0.0% 0 0.0% 0 0.0% 0 0.0% 2 0.0%
59 0.0% 47 0.1% 31 0.1% 7 0.0% 0.0% 12 0.0% 123 0.0%
60 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.0% 0 0.0% 1 0.0%
61 0.0% 56 0.1% 38 0.1% a2 0.1% 19 0.0% 4 0.0% 159 0.1%
62 0.0% 0 0.0% 0 0.0% 0 0.0% 2 0.0% 0 0.0% 2 0.0%
63 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
Accumulated error = 60000 19.5% 60000 20.3% 60000 20.8% 60003 23.1% 60000 19.2% 300003 19.7%
Avg.error per state = 03% 03% 03% 0.4% 0.3% 0.3%

Stdev

1154
+0.02

Figure 21.

the neutral premise. States are given in decimal format.

Results for the Boltzmann machine in the 6-atom micro-world, tested against




Testing with neutral premise “0, 0, 0, 0,0, 0"

Tralning Set: 232-1 Avg  Stdev
Ronked Interpret. State  E % Somples  Output % . Output % | Sompl Output % ! Output % | Sampi Output % Sampi Output %
(32),(33) 0 8.6% 2900 4.8% 3311 5.5% 3289 55% 2937 4.9% 3264 5.4% 15701 5.2%
1 8.6% 3252 S5.4% 4225 7.0% 3162 53% 3357 S56% 3846 6.4% 17842 5.9%
(0), (1) 2 22% 1460 24% 1364 23% 1372 23% 1439 24% 1221 20% 6856 23%
3 0.4% 919 15% 852 14% 920 15% 1063 18% 11 19% 4865 16%
(9), (17), (41), (49) B 43% 1891 32% 1780 3.0% 1920 32% 1789 3.0% 1942 32% 9322 3.1%
S 0.4% 1201 20% 1383 23% 1344 22% 1050 18% 1225 20% 6203 21%
(4), (36) 6 0.4% 665 11% 731 12% 586 1.0% nz 12% 737 12% 3436 11%
7 0.4% 478 0.8% 419 0.7% 520 0.9% 364 0.6% 430 0.7% 211 0.7%
(2), (34) 8 0.4% 877 1.5% 870 15% 906 1.5% 839 14% 1109 1.8% 4601 15%
9 6.5% 2129 35% 2200 37% 2056 3.4% 2332 39% 271 38% 10988 37%
All other states 52 10 0.4% 492 0.8% 524 0.9% aas 0.7% 557 0.9% 518 0.9% 2535 08%
(3), (S)H(8), (10)-(16), 1 0.4% 577 1.0% 661 11% 573 1.0% 780 13% 601 1.0% 3192 11%
(18)-(31),(35), (37)-{40) 12 0.4% 533 0.9% 615 1.0% 632 11% 628 1.0% 567 09% 2975 1.0%
(42)-(48), (50)-(63) 13 0.4% 789 13% 769 13% 889 15% 742 12% 801 13% 3990 13%
14 0.4% 590 1.0% 524 0.9% 5717 1.0% 609 1.0% 565 09% 2865 1.0%
15 0.4% 341 06% 339 06% 32 05% 364 0.6% 235 04% 1601 05%
16 0.4% 1180 20% 1193 20% 1089 18% 1064 18% 1006 1.7% 5532 18%
17 6.5% 2518 42% 2229 kN 2403 40% 2131 36% 2103 35% 11384 38%
18 0.4% 535 0.9% 589 1.0% 567 0.9% 520 0.9% 450 0.8% 2701 09%
19 0.4% 574 10% 605 1.0% 523 0.9% 704 12% 628 1.0% 3034 1.0%
20 0.4% 661 11% 5717 1.0% 860 14% 586 1.0% 586 1.0% 3270 11%
21 0.4% 587 16% 822 14% 795 1.3% 965 1.6% 738 1.2% 4307 14%
22 0.4% 550 0.9% 548 09% 502 0.8% 303 0.5% 506 0.8% 2409 08%
23 0.4% 298 05% 448 0.7% 332 0.6% 286 0.5% 267 0.4% 1631 05%
24 0.4% 414 0.7% 424 0.7% 363 0.6% 332 0.6% 431 0.7% 1964 0.7%
25 0.4% 969 16% 830 14% 924 15% 990 17% 896 15% 4609 15%
26 0.4% 248 0.4% 242 0.4% 166 0.3% 424 0.7% i 05% 1391 0.5%
2 0.4% $s3 09% | 653 1% | 533 09% | 632 1% | s31 09% 302 10%
28 0.4% 411 0.7% 308 05% 386 0.6% 256 0.4% 453 0.8% 1814 0.6%
29 0.4% 468 0.8% 567 09% 620 1.0% 527 0.9% 537 09% 2719 09%
0 04 29 o0a% | 234 04 | 318 0S% | 320  0S% | 283 0% 1394 05%
31 0.4% 256 0.4% 625 10% 425 0.7% 369 0.6% 284 0.5% 1959 0.7%
32 108% 3072 S.1% 3182 53% 3289 55% 3367 5.6% 3458 5.8% 16368 5.5%
33 10.8% 3294 5.5% 3101 5.2% 3493 58% 3558 5.9% 3966 6.6% 17412 5.8%
34 2.2% 1557 26% 1346 22% 1053 1.8% 1475 25% 1342 22% 6773 23%
35 0.4% 972 16% 919 15% 946 16% 1071 18% 845 1.4% 4753 16%
36 43% 1954 33% 1535 26% 1827 3.0% 1710 29% 1600 27% 8626 29%
37 0.4% 1129 1.9% 1101 18% 1071 1.8% 1041 17% 969 1.6% 5311 18%
38 0.4% 627 1.0% S06 08% 477 0.8% 677 11% 665 11% 2952 1.0%
39 0.4% 436 0.7% 369 06% n 0.6% 330 0.6% 483 0.8% 1989 0.7%
40 0.4% 978 16% 769 13% 935 1.6% 979 16% 884 15% 4545 15%
a1 6.5% 1958 33% 1955 33% 2254 38% 2139 36% 2139 36% 10445 35%
a2 0.4% 414 0.7% 503 0.8% 553 0.9% 552 0.9% 517 09% 2539 0.8%
43 0.4% 519 0.9% 622 10% 451 0.8% 617 1.0% 574 1.0% 2783 09%
4l 0.4% 759 13% 635 11% 583 10% 723 12% 573 1.0% 3273 11%
45 0.4% 832 1.4% 619 1.0% 800 1.3% 695 1.2% 598 1.0% 3544 12%
46 0.4% 516 0.9% 549 09% 481 0.8% 624 1.0% 410 0.7% 2580 09%
47 0.4% 411 0.7% 262 0.4% 436 0.7% 395 0.7% 329 0.5% 1833 0.6%
43 0.4% 1030 17% 1025 17% 1192 20% 1020 17% 1230 2.1% 5497 1.8%
49 6.5% 2212 37% 2278 38% 2305 38% 1976 33% 2315 39% 11086 37%
50 0.4% 603 10% 631 11% 563 0.9% 557 0.9% 526 0.9% 2880 1.0%
51 0.4% 633 11% 611 1.0% 734 12% 702 1.2% 17 1.0% 3257 11%
52 0.4% 722 1.2% 519 09% 579 1.0% 688 11% 466 0.8% 2974 1.0%
53 0.4% 847 14% 867 14% 686 11% m 13% 579 1.0% 3752 13%
54 0.4% 676 11% S50 0.9% 354 0.6% 3% 0.7% 610 1.0% 2580 0.9%
5 0.4% 33 06% | 3% 06% | 213 04% | 191 03% | 318 05% 1391 05%
56 0.4% 401 0.7% 350 0.6% 479 0.8% 509 0.8% 422 0.7% 2161 0.7%
57 0.4% 886 1.5% 901 15% 1126 19% 860 14% 926 15% 4699 16%
58 0.4% B2 04% | 307 0S5% | 233 04% | 260  04% | 364 06% 3%  05%
59 0.4% 478 0.8% 428 0.7% 602 1.0% 608 10% 522 0.9% 2638 09%
60 0.4% 391 0.7% 419 0.7% 398 0.7% 410 0.7% 239 0.4% 1857 0.6%
61 0.4% 687 11% 621 1.0% a7 0.5% 649 L1% 481 0.8% 2915 1.0%
62 0.4% 224 0.4% 301 05% n 0.6% 293 0.5% 275 0.5% 1464 05%
63 0.4% 242 0.4% 422 0.7% 350 0.6% 205 0.3% 325 0.5% 1544 0.5%
Accumulated error » 60000 64.3% 60000 62.2% 60000 62.8% 60000 64.2% 60000 58.9% 300000 62.1% +2.20
Avg.error per state = 1.0% 1.0% 10% 1.0% 0.9% 10% $0.03
Figure 22.  Results for the Boltzmann machine in the 6-atom micro-world, tested against

the neutral premise. States are given in decimal format.
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Results for the Boltzmann machine in the 6-atom micro-world, tested against
specific premises. States are given in decimal format.

Figure 23.
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Results for the Boltzmann machine in the 6-atom micro-world, tested against

Figure 24.

specific premises. States are given in decimal format.
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Results for the MLP in the 4-atom micro-world, tested against the neutral

Figure 25.

premise. States are given in decimal format.
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Results for the MLP in the 4-atom micro-world, tested against the neutral

Figure 26.

premise. States are given in decimal format.
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Results for the MLP in the 4-atom micro-world, tested against specific

Figure 27.

premises. States are given in decimal format.
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Results for the MLP in the 4-atom micro-world, tested against specific

Figure 26.

premises. States are given in decimal format.
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Results for the MLP in the 4-atom micro-world, tested against specific

Figure 29.

premises. States are given in decimal format.



%1 £800°0 %0 31 % 00200 %0 34 %0 00000 %0 [33 %0 20000 %0 34
%1 9000 %0 ¥l %1 E1100 %0 1 %0 SI000 %0 1 % SL100 %0 vl
%0 00000 %0 £l %1 86000 %0 31 %0 10000 %0 134 %0 20000 %0 34
%0 00000 %0 u %0 10000 %0 u %0 16000 %0 u %0 L1000 %0 u
%E BESTO %91 n %0 07000 %0 i %0 0000 %0 n %1 95200 %0 1
%95 EVSK0 %8 o1 %0 00000 %0 or %I 8100 %0 or WE  TUBED  %ST or
%t 6100 %0 6 %0 00000 %0 6 %0 00000 %0 6 %I %6000 %0 6
%0 26000 %0 8 %0 00000 %0 8 %0 (000 %0 8 %65 L6890 %Sl 8
%0 #0000 %0 L (1) %EE (80K0 %6 L - %0 0000 %0 L - %0 00000 %0 L
%0 10000 %0 9 . %1 6v10'0 %0 9 () %t 9L200 %0 9 (v) %0 11000 %0 9
%0 00000 %0 S %S 8690 %16 S %E €6600 %0 § %0 00000 %0 S

%0 00000 %0 [ (o1) %1 wio %0 [} %E 00660 %9 [ %0 10000 %0 [; (ot)
%L 25500 %0 £ %9 0LL00 %0 £ %1 €100 %0 £ %0 £0000 %0 3
%1 9900'0 %0 4 %L L2000 %0 4 9) %I w00 %0 4 % 0v20'0 %0 4
%0 %0000 %0 1 %L 66200 %0 1 %I SLI00 %0 1 %0 00000 %0 1

%0 00000 %0 0 . %0 00000 %0 0 . %95 6/890  %v6 0 (o) %0 £000°0 %0 0 (8)

% SB:O suoneAdy % Uw&xu aes .E_B:_ payuey % S&:o suoneAdy % tuuxw aes .EEE_ payuey % -:nSo suoneAldy % Uw&@ aies .EEE_ vuv_cmx_ % S&:o Sucneay % tusa aqes .EEE_ payuey

0T, J0TT JUT0T 20T,

:sa5|wazd yym Supisa)

1-86 335 Bujes) Buisn

Results for the MLP in the 4-atom micro-world, tested against specific

Figure 30.

premises. States are given in decimal format.
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Results for the MLP in the 5-atom micro-world, tested against the neutral

Figure 31.

premise. States are given in decimal format.
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Results for the MLP in the 5-atom micro-world, tested against the neutral

Figure 32.

iven in decimal format.

. States are gi

premise
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Results for the MLP in the 5-atom micro-world, tested against the neutral

Figure 33.

premise. States are given in decimal format.
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Results for the MLP in the 5-atom micro-world, tested against the neutral

Figure 34.

premise. States are given in decimal format.
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premises. States are given in decimal format.

Results for the MLP in the 5-atom micro-world, tested against specific

Figure 35.
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Results for the MLP in the 5-atom micro-world, tested against specific

Figure 36.

premises. States are given in decimal format.
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Results for the MLP in the 5-atom micro-world, tested against specific

Figure 37.

premises. States are given in decimal format.
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Simplified UML diagram for the object-oriented design of the Boltzmann

Figure 38.

machine.
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Figure 39. Modified learning algorithm for the Boltzmann macine. The network is
separated into layers and the annealing schedule is varied between phases.




