


Continuous Intent Validation of Robot Motion
A Predictive Framework for Continuously Validating Robot Motion Against Its Predicted Behavior
Abstract
Modern robots use sophisticated control systems to generate and regulate motion. Position feedback, velocity feedback, trajectory tracking, state estimation, collision detection, force monitoring, and other supervisory functions are already common in advanced robotic systems. These technologies allow robots to execute increasingly complex tasks while compensating for changes in their physical environment and operating conditions. Continuous Intent Validation, or CIV, is not intended to replace these functions. It proposes an additional question that can be considered independently of conventional motion control: does the physical motion of the robot continue to agree with the motion that the system has predicted should occur?
The distinction between control and validation is important. A robot controller can detect that the robot is not exactly following a commanded trajectory and compensate for the difference. As a result, the robot may continue to reach its commanded destination even though the physical behavior of the system has changed. CIV examines a different relationship. It continuously compares an independently measured robot state with a predicted robot state and determines whether the difference remains within a previously validated range.
The central CIV relationship is the prediction residual:

Here, is the prediction residual at time step , is the measured robot state, and is the predicted robot state. The residual is not expected to equal zero. Every physical measurement contains uncertainty, and every model contains assumptions and limitations. The purpose of the comparison is therefore to determine whether the residual remains within a range that has been established as valid for the particular robot, operating condition, sensing system, and prediction model.
The predicted state can be calculated from the current robot state, the commanded input, and the physical conditions affecting the robot. A general representation is:

Here, is the predicted state at the next time step, is the current state, is the command or control input, represents relevant physical parameters and operating conditions, and is the validated prediction model.
CIV is based on a simple but significant proposition. If the physical robot continues to behave within the conditions represented by the validated prediction, then there is continuing evidence that the prediction remains applicable. If the physical robot departs from that prediction beyond the established uncertainty and tolerance limits, the system can no longer assume that the prediction remains valid. This does not necessarily identify the cause of the deviation. It establishes that the basis for trusting the prediction has been weakened or lost.
The theoretical basis for this concept is supported by established work in control engineering, state estimation, fault detection, robotics, and human motor control. Human motor learning provides a particularly useful comparison because humans develop internal expectations of movement and continually compare expected sensory consequences with actual sensory information. This does not establish that CIV is a safety function, but it provides evidence that prediction, observation, comparison, and correction are fundamental methods for controlling complex physical systems.
The purpose of this paper is to develop the CIV concept mathematically, distinguish it from conventional control and trajectory monitoring, identify the conditions necessary for a valid implementation, examine potential failure modes and contradictions, and establish what experimental evidence would be required before CIV could be considered for a safety-related application.

1. Introduction
Robot motion is normally controlled through a combination of programmed commands, mathematical models, feedback sensors, servo control, and supervisory functions. A robot may be commanded to move along a trajectory, while encoders and other sensors continuously report the physical state of the robot. The controller uses that information to reduce the difference between the desired state and the measured state.
This feedback is fundamental to modern robotics. It allows a robot to compensate for disturbances and maintain accurate motion despite changes in load, friction, temperature, mechanical conditions, and other variables.
The existence of this feedback raises an important question for safety engineering. If a robot's physical behavior begins to differ from the behavior predicted by the system, should that difference be treated only as a control problem, or can it also be used as evidence that the robot's future motion is no longer predictable with the confidence originally established?
CIV is based on the second possibility.
The concept does not assume that the robot will follow a mathematical trajectory perfectly. It assumes that the robot's physical behavior will remain within a range that has been characterized and validated. The prediction therefore represents an expected region of behavior rather than a perfect line through space.
This distinction is particularly important for safety applications involving dynamic robot motion. A robot does not simply occupy a position. It has a position, velocity, acceleration, orientation, and other physical characteristics that change continuously. A deviation that appears insignificant when viewed as a position difference may become significant when considered in terms of velocity, acceleration, direction, or future stopping location.
CIV therefore treats motion as a continuously changing physical state.
The fundamental objective is not to determine whether the robot is perfect. The objective is to determine whether the evidence available to the system continues to support the assumption that the robot is behaving as expected.

2. Defining Robot State
To compare predicted and measured motion, the robot must first be represented by a state that contains the physical variables relevant to the application.
A general state representation can be written as:

Where:
· is the robot state at time .
· represents joint positions.
· represents joint velocities.
· represents joint accelerations.
· represents Cartesian position.
· represents Cartesian velocity.
· represents Cartesian acceleration.
The equation does not mean that every CIV implementation must measure every variable shown. It represents a general description of robot motion. A particular application may use only a subset of these variables.
For example, a system intended to validate the position of a robot tool relative to a restricted space may primarily require Cartesian position and velocity. A system intended to identify abnormal mechanical behavior may also require joint acceleration, torque, motor current, or other information.
The state representation must therefore be selected according to the physical behavior that CIV is intended to validate.
This is one of the first important engineering requirements. CIV cannot validate something that has not been defined.

3. Commanded Motion and Predicted Motion
The command provided to a robot is not necessarily the same thing as the robot's predicted physical response.
A command may specify that a robot should move to a particular position. It may specify a trajectory, velocity, acceleration, orientation, or a sequence of movements. The command establishes what the robot is being asked to do.
The prediction system then determines what physical state should result from that command under the current conditions.
A general prediction relationship can be written as:

Where:
· is the predicted robot state at the next time step.
· is the current robot state.
· is the command or control input.
· represents relevant physical parameters and operating conditions.
· is the prediction model.
· identifies the current discrete time step.
· identifies the next time step.
In plain language, the equation says that the next expected state of the robot is calculated from where the robot is now, what it has been commanded to do, and the physical conditions affecting its movement.
The prediction model may be based on robot kinematics, dynamics, trajectory information, state estimation, measured system characteristics, or a combination of these methods. It may also contain information obtained through controlled learning. However, any model used for a safety-related CIV function must have defined limits of applicability.
The prediction cannot simply be assumed to be correct because it was generated by software.
It must be demonstrated to represent the physical behavior of the robot under the conditions for which it is being used.

4. Measuring Actual Robot Motion
The second essential component of CIV is measurement of the physical robot.
A measured state can be represented as:

Where:
· is the measured robot state.
· is the actual physical robot state.
· is measurement error.
The equation expresses a basic physical reality: the measurement system does not normally provide a perfectly exact representation of the physical state.
For example, suppose the actual position of a robot tool is 500.0 mm and the measurement system has a 0.2 mm error at that instant. The reported measurement could be:

Therefore:

The measured value is different from the actual value even though the robot itself has not moved.
This is why CIV cannot simply establish that any difference between prediction and measurement represents abnormal robot behavior.
Measurement uncertainty must be characterized.

5. The Prediction Residual
The fundamental comparison in CIV is the difference between the measured state and the predicted state.

Where:
· is the prediction residual at time step .
· is the measured robot state at time step .
· is the predicted robot state at the same time step.
The residual tells CIV how closely the physical measurement agrees with the prediction.
Suppose the prediction is:

and the measurement is:

The residual is:

Therefore:

The positive value means that the measured position is 0.4 mm greater than the predicted position.
If the measured position were 499.7 mm, the result would be:

Therefore:

The negative value means that the measured position is 0.3 mm less than the predicted position.
The important point is that CIV does not require the residual to be zero. A physical system will always contain some level of measurement and prediction uncertainty.
The safety question is whether the residual remains within the range that has been demonstrated to represent valid operation.

6. Establishing the Validated Region
The acceptable residual can be represented as a region rather than a single value.

Where:
· is the current prediction residual.
· is the validated residual region.
The region represents the range of differences between predicted and measured behavior that has been established as acceptable for the defined operating conditions.
For a simple one-dimensional position measurement, the region can be represented as:

Where:
· is the magnitude of the prediction residual.
· is the maximum validated residual.
If is 1.0 mm, then the acceptable residual is:

A residual of +0.4 mm remains within the validated region. A residual of +1.3 mm does not.
The CIV decision can therefore be stated as:

meaning that the current motion remains within the validated region.
Conversely:

means that the current measured behavior is outside the validated region.
This does not prove that the robot has experienced a specific fault. It establishes that the measured behavior is no longer consistent with the behavior that the model has been validated to represent.
That distinction is fundamental to the concept.

7. Why the Residual Cannot Be Treated as Simple Error
The word "error" can create confusion because conventional robot controllers already use tracking error.
A conventional tracking error can be represented as:

Where:
· is the control tracking error.
· is the commanded state.
· is the measured state.
The controller uses this information to determine how the control action should be adjusted.
CIV uses a different relationship:

Here:
· is the prediction residual.
· is the measured state.
· is the predicted state.
The first comparison is between what the robot was commanded to do and what it actually did.
The second comparison is between what the model predicted the robot would do and what the physical robot actually did.
This difference is important.
A controller can successfully compensate for an unexpected physical change and maintain a small tracking error. CIV can still detect that the physical response required to achieve the commanded motion has departed from the response represented by the validated prediction.
This provides a potential second layer of information.

8. The Role of Prediction Uncertainty
A prediction is never perfect.
The prediction model may contain uncertainty caused by mechanical tolerances, friction, payload variation, temperature, model simplification, external forces, or other variables.
The predicted state can therefore be considered as an estimate rather than an exact representation of the future physical state.
The prediction uncertainty can be represented conceptually by:

Where:
· is the predicted state.
· is the state expected by the underlying physical model.
· represents prediction error.
Combining this with the measurement relationship gives:

This can be rearranged to:

Where:
· represents the actual physical departure from the expected state.
· represents measurement error.
· represents prediction error.
This equation demonstrates why the residual must be interpreted carefully.
A non-zero residual can result from normal uncertainty even when the robot is operating correctly.
The objective of CIV is therefore not to eliminate uncertainty. It is to characterize uncertainty sufficiently well that a meaningful deviation can be distinguished from normal variation.

9. Time Alignment
Prediction and measurement must refer to the same physical instant or to precisely related instants.
If the prediction represents the robot at one time and the measurement represents the robot at a different time, the residual may appear large even when the robot is operating normally.
For a moving robot, even a small timing difference can create a significant position difference.
If the robot is moving at velocity and the timing error is , the approximate position difference caused by the timing error is:

Where:
· is the position difference caused by timing error.
· is robot velocity.
· is the timing difference.
For example, if a robot is moving at 1,000 mm/s and the prediction and measurement are separated by 2 ms:

Therefore:

A 2 mm apparent residual could therefore be produced entirely by a 2 ms timing mismatch.
This demonstrates that timing is not a secondary software issue. It is part of the physical validity of the CIV comparison.

10. Continuous Validation
The prediction and measurement comparison must be repeated throughout the movement.
At each time step, CIV calculates:

The resulting sequence,

represents the history of agreement between measured and predicted motion.
This is more informative than examining only one point.
A single residual can identify an instantaneous difference. A sequence of residuals can show whether the difference is stable, increasing, decreasing, oscillating, or otherwise changing over time.
The system can therefore monitor not only the magnitude of the residual but also its behavior.
For example, a residual that remains approximately constant at 0.2 mm over a long period may represent normal measurement and model variation.
A residual that progressively increases from 0.2 mm to 0.5 mm and then to 0.9 mm may provide evidence of a changing physical condition.
The trend does not by itself prove the cause.
It provides additional information about the relationship between the robot and its prediction.

11. Residual Rate of Change
The rate at which the residual changes can be represented by:

Where:
· is the rate of change of the residual.
· is the prediction residual.
· is time.
A large residual is not the only condition that may be important.
A rapidly increasing residual can provide earlier evidence of a developing departure from the validated behavior.
For example, a system may establish that normal residuals are generally below 0.5 mm. If the residual suddenly begins increasing at a rate of several millimeters per second, the trend may become significant even before the absolute residual reaches the maximum permitted value.
However, this must be treated carefully because noise can also produce rapid changes.
For that reason, the rate of residual change should be evaluated together with measurement uncertainty, filtering, operating conditions, and the characteristics of the particular robot.

12. Persistence
A safety decision based on a single measurement may be vulnerable to transient disturbances.
A persistence requirement can therefore be established.

Where:
· is the magnitude of the residual.
· is the validated residual limit.
· is the minimum period for which the residual must remain outside the limit.
The purpose of persistence is to distinguish a sustained deviation from a short measurement disturbance.
For example, a brief sensor disturbance may produce a residual outside the normal range for one measurement cycle. Requiring the condition to persist for a defined period may prevent that isolated event from being treated as a confirmed loss of validation.
Persistence cannot be selected only to reduce nuisance trips.
The longer the persistence period, the longer the robot can continue moving before the system declares that validation has been lost. Therefore, persistence must be included in the safety response analysis.

13. Model Validity
A prediction is valid only under the conditions for which it has been established.
Those conditions may include robot configuration, payload, tool, speed, temperature, external forces, environmental conditions, and operating mode.
The validity of the model can be represented as:

Where:
· indicates whether the conditions required for the prediction model are satisfied.
· means that the model remains within its validated operating conditions.
· means that the required conditions are not satisfied.
The overall CIV decision therefore cannot rely only on the residual.
A small residual does not automatically prove that the prediction is valid if the conditions under which the model was validated have changed.
For example, suppose a prediction model was validated for a particular payload. A substantially different payload could change the robot's dynamic response. The robot might continue moving correctly, but the original prediction model may no longer represent the system accurately.
CIV must therefore consider both the residual and the conditions under which the prediction is being used.

14. Independent Measurement
One of the most important technical issues in CIV is measurement independence.
If the same information is used to generate the prediction and validate that prediction, a common failure can affect both sides of the comparison.
For example, if a sensor fails in a manner that causes the measured state to remain unchanged, and that same sensor is used as the basis for the prediction, the system may continue to see apparent agreement.
The comparison would then be internally consistent even though the physical robot could be behaving differently.
A CIV implementation intended for a safety function must therefore carefully examine the degree of independence between the prediction and measurement paths.
Independent sensing can provide a different observation of the physical robot.
This could involve a separate sensing technology, a separately developed measurement path, or another architecture in which a common failure cannot easily produce a false agreement between prediction and measurement.
The required independence would depend on the safety function, the risk assessment, and the applicable safety requirements.
CIV should therefore not claim independence merely because two software calculations are performed separately. Independence must be demonstrated at the level necessary to address credible common-cause failures.

15. Measurement-System Validation
The measurement system itself must also be validated.
A sensor can fail in many ways. It can stop communicating, freeze at a previous value, become biased, become noisy, lose synchronization, become obstructed, or continue providing numerically reasonable values that no longer represent the physical robot.
The validity of the CIV comparison can therefore be expressed as:

Where:
· is the overall CIV validity.
· represents prediction validity.
· represents measurement validity.
· represents validity of the comparison and processing function.
· means that all conditions must be true.
The equation expresses an important principle: CIV cannot be considered valid merely because a residual has been calculated.
The prediction must be valid, the measurement must be trustworthy, and the comparison process must operate correctly.
If any of these conditions is lost, the system must not continue to claim that the robot's motion has been successfully validated.

16. Human Motor Learning and Prediction
Human movement provides a useful independent example of prediction and continuous sensory comparison.
When a person reaches for an object, walks, runs, or maintains balance, the nervous system must account for the expected consequences of movement while receiving sensory information about the actual movement.
Research into internal models of motor control has proposed that the nervous system develops predictions of the sensory consequences of motor commands. Differences between predicted and observed sensory information can provide a signal for adaptation and correction.
A simplified representation is:

Where:
· is the human sensory prediction error.
· is the measured sensory consequence.
· is the predicted sensory consequence.
This is conceptually similar to the CIV residual:

The similarity does not mean that a robot and human nervous system operate in the same way. They do not.
The significance is more general. Both systems can be understood using the principle that an expected physical consequence can be compared with information obtained from the physical system itself.
Human motor learning provides an especially useful example because the process occurs continuously rather than only at the end of an action.

17. Human Balance as an Example of Continuous Validation
Human balance provides an even stronger example of why continuous monitoring can matter.
When a person stands or walks, the body is constantly subjected to disturbances. The position of the body changes, the supporting surface may move, and the forces acting on the body vary.
The nervous system continuously receives information about body position and movement and adjusts muscle activation accordingly.
A simplified representation of balance can be written as:

Where:
· is the balance deviation.
· represents the desired or expected body state.
· represents the measured body state.
The important feature is not the exact mathematical representation of human balance. It is that maintaining balance requires ongoing information about the physical state of the body.
A person does not normally establish one balance calculation and then operate without further sensory information.
The same general principle is relevant to a robot that must remain within a dynamically constrained motion space.
The robot's predicted movement cannot be treated as permanently valid simply because the initial conditions were correct. The physical system must continue to provide evidence that those conditions remain applicable.

18. Learning Normal Robot Motion
CIV may also make use of data collected from repeated robot operation.
Suppose a robot repeatedly performs the same movement under controlled conditions. Measurements can be collected for position, velocity, acceleration, timing, motor effort, payload, temperature, and other relevant variables.
The data can be used to establish the normal distribution of residuals.
For example, if the residual is measured over normal operating cycles, its mean can be calculated as:

Where:
· is the mean residual.
· is the number of measurements.
· is the residual at measurement .
· indicates that the residuals are added together.
The mean describes the average residual but does not describe the complete range of normal behavior.
The variability can be represented by the standard deviation:

Where:
· is the standard deviation of the residual.
· is the difference between each residual and the mean residual.
· provides the conventional sample correction.
These statistical measures can help characterize normal behavior.
However, statistical normality must not automatically be equated with safety.
A condition can become common without becoming safe.

19. The Danger of Learning the Wrong Normal
This is one of the most important limitations of applying learning to CIV.
Suppose a robot gradually develops mechanical wear. Its residual begins to increase.
If the learning system automatically updates the model every time the robot operates, the model may gradually incorporate the abnormal behavior.
The prediction would then move toward the actual behavior.
The residual could return toward zero even though the robot has changed physically.
This would defeat the purpose of CIV.
The system must therefore distinguish between learning and validation.
A model used for safety validation should not automatically redefine its own safety boundaries based solely on the behavior it is supposed to monitor.
A safer conceptual arrangement is that learning can propose changes to a model, but changes to the model or its validated limits require a controlled validation process before they can become part of the safety function.
This creates an important separation between adaptive performance and safety validation.
The robot may learn.
The safety boundary must remain controlled.

20. Direction of Deviation
The magnitude of a residual does not always provide enough information to determine its safety significance.
Consider a robot operating near a person.
A 10 mm deviation away from the person and a 10 mm deviation toward the person have the same magnitude, but they do not have the same safety significance.
The component of the residual in a particular direction can be represented as:

Where:
· is the component of the residual in the selected direction.
· is a unit vector representing that direction.
· is the robot motion residual.
· represents the transpose of the direction vector.
This allows CIV to distinguish between deviations that may have different effects on a particular hazard.
For applications involving human-robot separation or dynamic restricted spaces, the relevant comparison may therefore need to consider not only whether the robot has deviated from its predicted path but also whether the deviation moves the robot toward a hazardous region.
This does not eliminate the need for conventional hazard analysis. It adds another source of information that can potentially be incorporated into that analysis.

21. Future Motion and Prediction Horizon
CIV becomes particularly interesting when the prediction is used to determine where the robot will be in the near future.
A future state can be represented as:

Where:
· is the predicted state at future time .
· is the current robot state.
· is the current command or control input.
· is the prediction horizon.
· is the prediction function.
The longer the prediction horizon, the greater the potential uncertainty.
A prediction 10 milliseconds into the future may be highly accurate under controlled conditions. A prediction several seconds into the future may be substantially less certain, particularly when the robot interacts with an unpredictable environment.
CIV should therefore not treat prediction as an absolute statement about the future.
It should treat prediction as an estimate whose validity depends on current evidence.
This leads to an important principle:
Current agreement between predicted and measured motion does not prove future behavior. It provides evidence that the conditions supporting the prediction have not yet been contradicted.
This is a more defensible claim than stating that CIV can guarantee future robot behavior.

22. Detection Time
A deviation that is detected too late may not provide a meaningful safety benefit.
The total detection and response time can be represented as:

Where:
· is the measurement time.
· is the processing time required to calculate and evaluate the residual.
· is communication delay.
· is the time required to initiate the protective response.
· is the physical stopping time of the robot.
For a moving robot, the distance traveled during a response period is also important.
If velocity is approximately constant over a short interval, the distance traveled can be estimated as:

Where:
· is distance traveled.
· is robot velocity.
· is elapsed time.
For example, at 1,000 mm/s, a total response delay of 100 ms corresponds to approximately:

Therefore:

The robot can travel approximately 100 mm before considering additional effects of deceleration.
This demonstrates why CIV cannot be evaluated only by asking whether it can detect a deviation. The complete measurement, processing, decision, communication, and physical response must be considered.

23. CIV and Existing Robot Safety Systems
CIV should not be presented as though existing robots do not already use prediction or feedback.
They do.
Modern robotic systems use trajectory generation, interpolation, state estimation, feedback control, model-based control, collision detection, monitoring, and fault diagnosis.
The proposed distinction is the purpose assigned to the prediction-versus-measurement comparison.
Existing control systems may use prediction and measurement to improve control performance.
Existing fault-detection systems may use residuals to identify abnormal behavior.
CIV proposes that the continuing agreement between prediction and measurement can be treated explicitly as a validation condition for the continued use of the motion prediction.
This distinction should be tested rather than assumed.
A useful research question is therefore:
What additional safety information is obtained when prediction validity is treated as an explicit monitored state rather than being used only internally for control or diagnosis?
If controlled experiments show that CIV can identify hazardous changes earlier, more reliably, or under conditions not detected by existing monitoring functions, then the concept would have measurable value.
If experiments show no meaningful improvement, CIV would remain primarily an alternative description of functions already present in modern systems.
That is an important possibility and must be included in an objective evaluation.

24. Potential Failure Modes
A serious evaluation of CIV must consider how CIV itself can fail.
One failure mode is sensor failure. If the measurement system reports an incorrect state, the residual may be incorrect.
A second failure mode is model error. If the prediction model is inaccurate, CIV may report normal behavior as abnormal or abnormal behavior as normal.
A third failure mode is timing error. Prediction and measurement may refer to different physical instants.
A fourth failure mode is common-cause failure. The prediction and measurement may depend on a common component that fails in a way that produces apparent agreement.
A fifth failure mode is excessive tolerance. If the validated residual region is made too large, a meaningful deviation may remain classified as acceptable.
A sixth failure mode is insufficient tolerance. If the region is too small, normal physical variation may produce unnecessary protective responses.
A seventh failure mode is adaptive model drift. A learning system may gradually incorporate abnormal behavior into the model.
An eighth failure mode is excessive filtering or persistence. A genuine deviation may be detected but not acted upon quickly enough.
These failure modes demonstrate that CIV is not inherently safe simply because it compares prediction with measurement.
Its safety value depends on the engineering quality of the entire system.

25. What Would Constitute Proof?
The theory of CIV cannot be established simply by presenting the equations.
The equations describe the proposed relationship. Experimental evidence is required to establish whether the relationship provides useful and reliable information for safety.
A meaningful experimental program should begin by establishing normal robot behavior.
The robot should then be subjected to controlled deviations, including changes in payload, friction, mechanical alignment, sensor behavior, external forces, timing, trajectory, and other conditions relevant to the intended application.
For each test, the following should be recorded:

Where:
· is the predicted state.
· is the measured state.
· is the residual.
· is the corresponding time.
The experiments should determine whether CIV can reliably distinguish normal operation from defined abnormal conditions.
The key measures should include false-positive rate, false-negative rate, detection time, measurement uncertainty, model uncertainty, repeatability, environmental sensitivity, and behavior under sensor and communication faults.
The most important experiment would compare CIV against existing monitoring methods.
If a developing physical fault is detected by CIV before it is detected by conventional monitoring, that would provide evidence of additional value.
If CIV detects the same conditions at the same time, it may simply duplicate existing functionality.
If CIV performs worse, the theory may not provide the claimed advantage.
A credible research program must allow all three outcomes.

26. Safety Validation of CIV
Before CIV could be used as a safety-related function, its safety characteristics would need to be established using the appropriate functional-safety methodology.
This includes identifying the intended safety function, defining the required response, determining the required performance, identifying credible failure modes, evaluating diagnostic coverage, addressing common-cause failures, and demonstrating that the complete system behaves as required.
The CIV residual calculation itself is only one component.
A complete safety function could conceptually include:

Where:
· is the overall validity of the safety function.
· represents prediction validity.
· represents measurement validity.
· represents residual evaluation validity.
· represents safety-response validity.
The equation emphasizes that a valid residual calculation alone is insufficient.
The complete safety chain must remain valid.
The applicable requirements would depend on the actual architecture and claimed safety function. CIV should therefore be evaluated against the relevant robot and machinery safety standards rather than being treated as a new safety principle that automatically satisfies existing requirements.

27. The Central Theoretical Proposition
The theory developed in this paper can now be stated more precisely.
A robot operates under a validated prediction model. The model predicts the robot's expected physical state. Independent sensing provides information about the robot's actual physical state. The difference between these quantities produces a residual.

The residual is evaluated against a validated region:

If the measurement system, prediction model, timing, and comparison process remain valid, continued membership of the residual within the validated region provides evidence that the robot's physical motion remains consistent with the validated prediction.
When the residual leaves the validated region, or when the conditions necessary for a valid comparison are lost, the system should no longer rely on the prediction without an appropriate response.
The critical word is evidence.
CIV does not prove that the future is safe.
It provides a continuously updated test of whether the physical robot continues to behave in accordance with the assumptions supporting the prediction.
That is the central theoretical claim.

28. Relationship to Human Learning
Human motor learning strengthens the conceptual basis for this approach because it demonstrates that prediction and sensory feedback can work together in a continuously changing physical system.
Humans learn movements through repeated experience. The nervous system develops expectations about the consequences of motor commands and compares those expectations with sensory information. Differences can result in adjustments to subsequent movement.
The human system is not a direct model for robot safety engineering. Human sensory processing is complex, adaptive, and not directly comparable to industrial robot control architecture.
Nevertheless, the broader engineering principle is relevant.
A physical system can improve its behavior by maintaining an internal expectation of what should happen and continuously comparing that expectation with what actually happens.
CIV applies that principle in a more controlled and explicitly engineered form.
The crucial difference is that the safety model should not be allowed to learn away a failure.
Human learning is adaptive.
Safety validation must remain controlled.

29. Limitations of the Theory
Several limitations must be acknowledged.
First, prediction quality determines the quality of the validation. A poor prediction cannot provide strong evidence of future behavior.
Second, measurement quality limits the ability to identify deviations. A noisy or dependent measurement system can create misleading results.
Third, timing errors can create apparent deviations that are not physical deviations.
Fourth, a residual outside the expected range does not identify the cause of the deviation.
Fifth, a residual inside the expected range does not prove that every possible failure has been excluded.
Sixth, sufficiently sophisticated failures may cause both prediction and measurement systems to agree incorrectly if they share common dependencies.
Seventh, the approach becomes more difficult as the operating environment becomes less predictable.
These limitations do not invalidate the concept.
They define the conditions under which the concept must be evaluated.

30. Conclusion
Continuous Intent Validation proposes a specific and testable approach to robot motion validation. The robot's expected physical behavior is predicted from its current state, commanded motion, and relevant operating conditions. The physical robot is independently measured. The measured state is compared continuously with the predicted state.
The central comparison is:

Where represents the difference between measured and predicted behavior.
The residual is then evaluated against a validated region:

The purpose is not to require perfect agreement. It is to establish whether the difference remains consistent with the uncertainty and variation that were demonstrated during validation.
The theory is different from conventional control because control compares commanded behavior with measured behavior, while CIV compares predicted physical behavior with measured physical behavior. A controller may compensate for a physical change and continue to achieve its commanded trajectory. CIV provides a separate test of whether the physical response remains consistent with the prediction on which future behavior may depend.
The comparison with human motor learning provides additional theoretical support for the general principle of prediction followed by sensory comparison. Humans continually predict and observe the consequences of movement, and differences between expectation and sensory feedback contribute to adaptation. This does not prove the safety of CIV, but it demonstrates that prediction and continuous observation are fundamental characteristics of successful control of complex physical systems.
The strongest argument for CIV is therefore not that the concept is entirely new. Many of its individual components already exist in robotics. Prediction, feedback, state estimation, residual analysis, trajectory monitoring, and fault detection are established technologies.
The potential contribution is to combine these principles into an explicit validation concept in which continued agreement between predicted and observed physical motion becomes a monitored condition for trusting the prediction itself.
This produces a different safety question from conventional limit monitoring.
Instead of asking only whether a robot has exceeded a predetermined limit, CIV asks whether the physical robot continues to behave in accordance with the validated behavior on which the system's prediction depends.
That distinction has potential significance for increasingly autonomous robots.
However, the theory should not be considered proven merely because the mathematical framework is reasonable. Proof requires controlled experimental evidence. The experiments must demonstrate the accuracy of the prediction, the independence and reliability of the measurement system, the ability to distinguish normal variation from meaningful deviations, the effect of timing and uncertainty, the response to credible failures, and the safety benefit relative to existing methods.
If those experiments demonstrate that loss of agreement between prediction and physical motion can be detected reliably and early enough to support a defined safety response, CIV could provide an additional layer of robot safety supervision.
If the experiments demonstrate that existing robot control and monitoring systems already provide the same information with equivalent or better performance, then CIV would represent a useful framework for describing existing technology rather than a new safety capability.
The distinction can only be resolved experimentally.
The most defensible conclusion at this stage is therefore that CIV represents a testable engineering hypothesis: continuous comparison of validated predicted robot motion with sufficiently independent measurements of actual robot motion may provide a useful indication of whether the assumptions supporting future motion remain valid.
The next step is not to assume that the theory works.
The next step is to design the experiment that can prove where it works, where it does not work, and what additional safety value it provides.




