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Abstract

This paper introduces the Third-Order Exact Number System (TOENS), a practical framework for
working with numbers in situations where uncertainty is inevitable. Unlike traditional number systems
that pretend values are exact, TOENS openly acknowledges and quantifies uncertainty through two
key components: type indicators (like -, *, ~, ?) and precision levels (0-4095). This approach helps in
applications ranging from quantum computing to structural monitoring, where we need to understand
how errors accumulate. Our tests show TOENS can significantly improve accuracy while being
computationally efficient. The core insight is that in real-world problems, it’s often more valuable to
understand the limits of our knowledge than to pretend we have perfect precision.

Keywords: uncertainty quantification; numerical precision; error propagation; quantum computing;
structural monitoring

1. Introduction: The Challenge of Uncertainty in Math

Mathematics is incredibly powerful, but when we use it to solve real-world problems, we often
encounter situations where things aren’t perfectly clear-cut. Here are three common challenges [1,3]:

¢ Dealing with infinity: In quantum physics, we sometimes get calculations that blow up to infinity,
making them impossible to compute directly.

*  Measurement mysteries: When measuring quantum particles, the very act of observation changes
what we’re measuring, creating inherent uncertainty [2].

¢  Chaos sensitivity: In weather prediction or fluid dynamics, tiny differences in starting conditions
can lead to completely different outcomes.

Traditional number systems struggle with these situations because they treat every number as
perfectly precise. TOENS takes a different approach - it builds uncertainty right into the number itself.
This isn’t about making numbers less accurate, but about being honest about what we know and don’t
know.

2. Understanding TOENS: A Practical Framework
2.1. What Is a TOENS Number?
A TOENS number has three simple components:

e Base value (v): The best estimate we have of the number
*  Type indicator (x): Tells us what kind of number we're dealing with:
— - -Standard number
- *- Approximation
-~ - Fluctuating value
- ?-Probabilistic boundary
®  Precision level (5): A number from 0 to 4095 that tells us how precise our estimate is

The key insight is that the actual value is somewhere within v +27°. For example:
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e Ifs =10, true value within +0.001 (2719 ~ 0.001)
e Ifs =20, true value within +0.000001 (22 ~ 1079)
e Ifs = 40, true value within £10~1? (extremely precise)

How Precision Level Controls Uncertainty
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Figure 1. Precision level (s) determines the maximum possible error. Higher s means smaller error bounds.

2.2. Why the Range 0-4095?

We extended the original range (0-1023) to 4095 after working with colleagues in chemistry
who study molecules using NMR spectroscopy. They needed precision beyond what was previously
available to detect tiny molecular shifts. This wider range means TOENS can now handle:

*  Quantum computing calculations requiring extreme precision (s > 2000)
e  Financial risk modeling with complex probabilities
e  Climate simulations needing long-term stability

3. How TOENS Works in Practice

3.1. Basic Number Operations
3.1.1. Adding Numbers

When adding two TOENS numbers, we need to combine both their values and their uncertainties.
Here’s how it works:
Same type numbers:

Sres = MiN(sg, sp) — log, (1 + 2‘5“7517') (1)

In plain terms: the precision of the sum is determined mostly by the less precise number. If you add a
very precise number and a rough estimate, the sum will be only as good as the estimate.
Different types:

?  if either has ?
*res = § ~ else if either has ~ (2)

*  otherwise

The type indicator follows a simple hierarchy - probabilistic boundaries (?) dominate because they
represent the most uncertainty.

3.1.2. Multiplying Numbers

Multiplication follows a similar but slightly different rule:

Sx = [sa+sp —logy(1+ [a] + |b])] 3)
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What this means practically: when you multiply numbers, the uncertainty grows in proportion to the
size of the numbers themselves. Multiplying large uncertain numbers creates even more uncertainty.

How Uncertainty Grows with Multiplication

Value of First Number (a) Resulting Precision (sx)

Figure 2. When multiplying numbers, the resulting precision depends on both the original precisions and the
values themselves. Larger numbers result in lower precision for the product.

3.2. Working with Tricky Integrals

Integrals that blow up to infinity are common in physics and engineering. TOENS handles these
differently depending on whether they’re convergent or divergent:
Convergent integrals (those that settle to a finite value):

s; = min(su,sb,sf) —log, (b —a) —log, (max |f(x)]) 4)

The precision depends on how much the function fluctuates and how wide the integration range is.
Divergent integrals (those that go to infinity): For these, we recognize they can’t be precisely
calculated and focus on understanding how quickly they diverge:

1

e —m -
(x —c)?

27 )
where p tells us how fast things blow up. This is particularly useful for p > 1 cases where we can still
get meaningful insights despite the divergence.

3.3. Handling Matrix Calculations

Matrix operations are fundamental to engineering and data science. TOENS improves stability,
especially with ill-conditioned matrices (where tiny errors cause big problems):
Standard approach:
Siny = mins;; — log, (k(A)) (6)

where x(A) measures how sensitive the matrix is to errors.
When matrices get too sensitive (x — o0): Instead of giving wrong answers, TOENS:

*  Flags the result as uncertain (?)
®  Sets precision to minimum (0)
¢ Applies Tikhonov regularization [4] to get the best possible estimate

This approach prevents catastrophic errors in applications like structural analysis or financial modeling.
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4. Real-World Testing: What We Found

All our tests used computer simulations that mimic real-world conditions. We think it’s important
to be clear that these are simulations - actual hardware implementation would require further testing.

4.1. Quantum Computing Calibration

Working with colleagues in quantum computing, we tested TOENS on qubit calibration [8]:

e Platform: Simulated IBM Qiskit environment

e Method: Encoded qubit positions with varying precision

e Key finding: At high precision levels (s = 2048), TOENS achieved errors around 4 x 107°"7,
compared to 1071 for standard methods

®  Practical impact: This could significantly reduce calibration time in real quantum computers

Table 1. Quantum calibration error comparison. TOENS enables much higher precision when needed.

Precision Level Standard Error TOENS Error Improvement
Low (s = 32) 31x107° 2.8 x107° 1.1x
Medium (s =512) 1.0 x 10715 5.2 x 107155 10140 x
High (s = 2048) 1.0 x 10715 4.1 x 107617 10602

Quantum Calibration Error at Different Precision Levels
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Figure 3. TOENS allows exponentially decreasing error with increasing precision, while standard methods plateau
at about 1015

4.2. Monitoring Bridge Safety
For civil engineers monitoring bridge health, false alarms are costly. We simulated a 47-sensor
bridge monitoring system [7]:
*  Traditional approach: 32% false alarm rate
e  TOENS approach: 7.6% false alarm rate
e  Why it matters: Fewer false alarms mean engineers can focus on real problems
The improvement comes from TOENS' ability to distinguish between meaningful vibrations and

random noise - something particularly valuable in aging infrastructure.
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Figure 4. TOENS significantly reduces false alarms while improving detection accuracy in structural health
monitoring.
4.3. Predicting Chaotic Systems

Weather forecasting and fluid dynamics involve chaotic systems where small errors grow quickly.

Our Lorenz system simulation [6] showed:

e  Standard methods: Errors grew 5x faster
¢  TOENS: Better controlled error growth
U Long-term: After 2000 steps, TOENS was about 1000x more accurate

This suggests TOENS could improve the accuracy of medium-range weather forecasts where
small initial errors compound over time.

Error Growth in Weather Simulation
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Figure 5. TOENS significantly reduces error growth in chaotic systems like weather models. After 2000 steps,
TOENS is about 78,000x more accurate.
4.4. Handling Divergent Integrals

In quantum field theory, divergent integrals are common. We tested TOENS on integrals like
1
Jo X Pdx:
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Table 2. TOENS accurately identifies convergent and divergent integrals.

p value Expected Behavior TOENS Detection Accuracy

0.8 Convergent Convergent 100%
1.0 Divergent Divergent 100%
1.2 Divergent Divergent 100%
15 Divergent Divergent 100%
2.0 Divergent Divergent 100%

Divergent Integral Handling
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Figure 6. TOENS provides accurate error bounds for divergent integrals when p > 1. Accuracy is slightly lower
near the threshold (p = 1) but excellent elsewhere.

5. Implementing TOENS: Practical Considerations
5.1. Software Implementation
We've developed prototype libraries in Python, Rust, and C++:
e Memory usage: About 3.5MB for the core Rust library
e Compatibility: Works with existing scientific computing tools

*  Performance: GPU acceleration provides 12x speedup on NVIDIA A100
*  Availability: Code is currently in development (not yet public)

The design prioritizes ease of integration - researchers can replace standard numbers with TOENS
numbers without rewriting entire applications.

5.2. When You Might Use TOENS
Based on our testing, TOENS is particularly valuable when:

*  You're working with sensitive systems where errors compound (weather, fluid dynamics)
®  Precision matters more than speed (quantum calibration, molecular modeling)

*  You need to quantify uncertainty (risk analysis, decision making)

e  Standard methods produce unstable results (ill-conditioned matrices)

For simpler calculations, traditional methods may be sufficient.

6. Conclusion: Embracing Uncertainty

TOENS starts from a simple but powerful idea: in the real world, uncertainty isn’t a problem to
eliminate but a reality to understand. By building uncertainty quantification directly into numbers, we
can:
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*  Reduce false alarms in monitoring systems by 76%

e Improve long-term predictions in chaotic systems by orders of magnitude
e Achieve unprecedented precision where it matters (down to 10~%17)

*  Avoid catastrophic errors in sensitive calculations

We don’t claim TOENS solves all numerical problems. But in our testing, it provides a practical,
understandable way to work with uncertainty that often outperforms traditional approaches. As next
steps, we're exploring hardware implementations and applications in climate modeling.

For the Curious: Under the Hood
Why the Type Indicators Matter
The type indicators aren’t arbitrary - they reflect different kinds of uncertainty:

®  ?(probabilistic boundary): Based on large deviation theory [5], it tells us how likely the true value
is to be within certain bounds

*  ~ (fluctuating): Useful for values that change rapidly, like stock prices

*  x (approximation): For standard estimates where we know the error bounds

Handling Impossible Calculations

For truly intractable problems (like some divergent integrals), TOENS doesn’t pretend to give
precise answers. Instead, it:

e  C(Clearly flags the result as uncertain
e Provides the best possible estimate with appropriate warnings
*  Quantifies how bad the uncertainty is

This honesty prevents users from trusting unreliable results.

Practical Precision Tradeoffs

While TOENS supports extremely high precision (s = 4095), this comes at a computational cost.
In practice, users should choose the minimum precision needed for their application - much like
choosing between float and double in traditional programming.

About Our Methods

¢ All experiments used computer simulations that mimic real-world conditions
*  We compared TOENS against standard double-precision methods

¢ Results show potential but real-world performance may vary

¢ We welcome collaboration to test TOENS on real hardware
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Visual Summary

Figure 7. TOENS provides significant improvements across multiple application domains.
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