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Abstract

JudgeAl makes a normative decision a computable, traceable research object. This study examines how
autonomous orchestration uses that object to identify empirical questions, investigate consequences, and
construct regulatory alternatives. The analysis develops decision regions, sufficient empirical informa-
tion, and alternative expansion, then tests these mechanisms in the United Arab Emirates. The original
corpus contains 9,012 scenario configurations, 44,316 evaluated worlds, and 92,700 pairwise compar-
isons. Further experiments replay 700 cases, resolve comparison boundaries through 1,149 additional
native-engine evaluations, and examine every subset of four research variables. Removing inter-actor
propagation changes the selected set in 176 of 700 cases; replacing the comparator with a sum changes
it in 392. Three inputs determine selection throughout the tested grid. Expanding a two-option cooling
menu to six evidence-informed alternatives produces strictly preferred outcomes in 128 of 3,456 condi-
tional worlds. A separate broad-search experiment adds 12 series containing 285 scenario records across
16 threat directions. It examines the earlier task of selecting what to investigate, follows cardiovascular
and climate-related branches into local mechanisms, and recomputes all directions after adding human con-
texts. Six of 21 local actions are conditionally preferred, although all absolute Threat Index profiles remain
indistinguishable at the specified tolerance. Together, the studies connect research-agenda formation, em-
pirical refinement, alternative discovery, and repeated normative comparison. The regulatory applications
concern recovery services, medical-electricity continuity, and executable financing. These results identify
mechanisms through which systematic inquiry can improve normative decisions; the broad search estab-
lishes a reproducible research cycle rather than an empirically identified ranking of fundamental threats.

Keywords: computational legal theory; normative ontology; traceability; autonomous orchestration; reg-
ulatory discovery; empirical decision dependence; research-agenda formation; counterfactual analysis.

1. Research question and contribution

A system that produces a plausible legal proposal has not yet identified what would make that proposal
better. In normative work, revision requires a relationship between an intervention, its consequences for
affected people, and the grounds on which competing interventions are compared. More fluent argument,
additional citations, or greater agreement among generated answers do not themselves specify that relation-
ship. JudgeAl addresses it by making normative choice fully computable and traceable within an explicit
representation of reality.

The research question is: how can a computable normative decision become the basis for sustained au-
tonomous investigation that discovers better regulatory alternatives? The object of improvement is the
decision and its empirical foundations. The agent investigates which circumstances matter, which causal



relationships determine the ordering of alternatives, and which changes in implementation could produce
a preferable world. The normative engine carries out the comparison under its computational legal theory.

The interaction is reciprocal. Computation gives empirical research a target: a consequence, dependency,
or alternative capable of changing the result. Research gives computation a more developed object: better
specified inputs, additional causal distinctions, and interventions that were absent from the initial menu.
A technology, contractual arrangement, or organisation of service delivery can therefore enter the analysis
before it has a familiar legislative name.

This study makes five contributions. First, it specifies the information that a normative trace must expose
for this process to operate. Second, it formalises empirical sufficiency and decision robustness without re-
ducing normative choice to an aggregate monetary score. Third, it measures the consequences of removing
dependencies, participants’ burdens, and alternative designs from otherwise identical comparisons. Fourth,
it follows the computation through to the content of regulation: the object purchased, the conditions of eligi-
bility, the evidence of performance, and the financing sequence. Fifth, a separate broad-search experiment
examines how an initial threat map generates empirical research directions and how local findings return
to the common model. This additional experiment extends the architecture to the formation of the task
itself.

The UAE provides the application setting. Existing UAE duties and service arrangements define the coun-
terfactual. Empirical studies identify mechanisms and technical possibilities. The discovery process does
not depend on finding a law elsewhere that can be copied. Its starting point is a consequential change in
the represented world.

2. Why traceability changes the capacity for improvement

2.1 The normative decision as an executable research object

Let O denote the normative ontology, F the empirical record, A the available interventions, and x the con-
sequence parameters supported or investigated by that record. The computational representation supplies
a world for each intervention,

W, =®(0,FE,x,a), a € A, (1)

and the normative engine returns a preferred set

<

C(E, A) = argmin V (W, Wo), 2)
acA

where W) is the shared reference world, V' denotes the participant-level consequence representation, and

=y is the engine’s normative comparison. A set is retained when several alternatives are equivalent under

that comparison. The argmin notation presupposes a well-defined preferred set in the comparison under

study; it does not assert that every tolerance-based implementation induces a strict total order. The broad-

search experiment therefore retains and audits pairwise relations separately (Section 5).

The empirical representation and normative evaluation form one decision procedure. A change in evidence
changes the consequences on which the normative ordering operates. The empirical record includes whose
circumstances change, the event and time horizon being represented, the conditional relationships involved,
and the implementation of each alternative. These elements determine the content of the normative choice,
including which protections take priority in the concrete case.

For autonomous research, the trace must connect a selected alternative to the participant-level conse-
quences responsible for its position; those consequences to their direct or propagated origins; and those
origins to empirical claims, assumptions, and intervention specifications. This produces an addressable re-
search object. The agent can ask whether a decisive relationship has the sign assumed, whether an apparent



benefit reaches the intended person, whether financing prevents implementation, or whether an additional
alternative removes the adverse pathway.

A textual explanation can communicate these relationships. An executable trace additionally permits them
to be changed and recomputed. That property is what supports systematic self-improvement: the system
can inspect and experimentally vary the grounds of its own answer.

2.2 Decision-relevant information and a necessity result

Let © be the set of empirical states currently compatible with an inquiry and let C'(#) be the preferred set
at state 6. A representation z(0) is decision-sufficient on © if

z2(01) = z(03) = C(0;) =C(0) forallb,0; € O. (3)

This criterion asks whether the information retained by the system preserves every distinction that changes
the decision.

Proposition 1 (Indistinguishable observations). If two empirical states have the same observed represen-
tation but different preferred sets, no decision procedure using only that representation can recover the
correct preferred set in both states.

Proof. A deterministic procedure receives identical input in the two states and therefore returns identical
output. That output cannot equal two different preferred sets. Randomisation does not supply the missing
distinction and cannot ensure correct recovery in both states. O

The practical consequence is a research obligation: identify and observe the missing distinction. In the
medical-continuity example below, separate distributions of outage duration and reserve capacity are iden-
tical in two constructed populations, while the probability of losing the essential service differs. The
required research is a joint measurement on the same device and event. More precise marginal averages
cannot recover that distinction.

Traceability is therefore operational infrastructure for empirical learning. It tells the agent what its current
representation fails to distinguish and connects that distinction to the final normative choice. This is the
foundation for targeted investigation, including investigation of evidence that could overturn the current
answer.

2.3 Decision regions and robust conclusions

Define a decision region Rg = {0 : C(0) = S} for a preferred set S. If all states still compatible with
the evidence lie in Rg, the preferred set is identified on that evidence. Further refinement inside the same
region can improve consequence estimates while preserving the choice. If the compatible states cross a
boundary, the trace indicates which empirical distinction can resolve it.

There is a second useful question when the exact preferred set remains variable. An intervention is robustly
preferred on © when it belongs to
Arobust(0) = 1) C(6). (4)
fcO
A non-empty intersection identifies an option that remains preferred throughout the stated uncertainty set.
An empty intersection directs research to the conflicting states. Both operations support inquiry using
finite scenarios and partial information.

For a fixed representation and alternative set, when valid new evidence narrows © to a non-empty subset
©’, an already identified choice remains identified, and A;opust(©) C Aropust(©’). These are consequences
of set inclusion. Discovery of a previously omitted mechanism is a different operation: it revises the



representation and requires recomputation. JudgeAl’s trace separates refinement of an existing empirical
question from expansion of the questions being asked.

2.4 Forming the research agenda

The same architecture can investigate which normative problem to pursue before a particular intervention
is selected. Let G; be a map of threat directions and let X calibrate a common consequence space for the
jurisdiction. Perturbations associated with a direction g € G reveal which actor-level consequences and
empirical assumptions can alter the comparison. The resulting research state can be written as

St = (O, By, X4, A, Uy), @ = 1(Gy, S, 1), Si41 = Update(S;, Investigate(q;)),  (5)

where U, records investigated uncertainties, 7; is the computational trace, and I1 denotes the orchestrator’s
selection of the next inquiry. Contextual updates enrich the representation of reality while retaining the
normative foundation. The revised state must be evaluated again across the shared alternatives.

This operation separates research-agenda formation from regulatory adoption. A direction can merit inves-
tigation because its effects are sensitive to a missing observation, because it exposes a systemic dependency,
or because evidence makes a consequential mechanism testable. Its selection for inquiry does not establish
its final normative priority. In the broad-search experiment below, II is implemented by recorded agent
research operations; an optimal information-acquisition policy is not assumed.

3. Relationship to contemporary Al research

The relevant comparison concerns where the feedback for improvement comes from and what is revised.
Self-Refine uses an LLM to generate, critique, and revise its own output [ 1]. JudgeAl’s research cycle adds
an independently executable object: the represented consequences and their normative comparison. An
objection can be turned into a changed world, a missing empirical coordinate, or an additional intervention
and then evaluated under the same rule.

Decision-focused learning connects prediction to downstream optimisation, training predictive models for
the decisions that their outputs support [2]. Targeted active learning goes further in the direction of research
selection: Filstroff et al. select information to reduce uncertainty about the optimal decision [3]. Causal
active learning investigates interventions through an explicit causal model [4]. These works establish
important methodological connections. JudgeAl applies the connection to a structured normative object
with participant-specific consequences, an explicit normative ordering, and a changing set of legal and
implementation alternatives.

Anthropic’s July 2026 study examines values expressed across models and languages, using axes extracted
from conversational responses [5]. Its stated approach develops context-sensitive judgment, consistent
with the broader account in Claude’s constitution [6]. JudgeAl places the grounds of a concrete normative
comparison in a computable representation. Empirical changes can be traced through that representation to
the changed choice, and the agent can investigate those dependencies directly. The distinction is the loca-
tion and form of the evaluative operation: expressed judgment in generated responses versus an executable
comparison of represented consequences.

The distinctive contribution studied here is the integration of these operations around a computable nor-
mative decision. Ontology specifies what a consequential claim refers to; computation determines how
it enters a comparison; orchestration investigates it and constructs alternatives. The comparison results
reported below isolate these mechanisms on shared inputs.



Table 1: Research approaches and the object through which improvement occurs.

Approach Object revised or studied Feedback used for improvement
Iterative self-feedback Generated answer Critique and revised generation
Decision-focused learning  Predictive parameters Performance of downstream decisions
Decision-aware active Information acquisition Uncertainty about the optimal decision
learning

Contextual judgment and ~ Behaviour and expressed values Training, contextual responses,

value analysis behavioural measurement

JudgeAl normative Empirical world representation, Traced consequences and repeatable
inquiry alternatives, and implementation normative comparisons

4. Experimental design and computational basis

4.1 Ontology and native engine

The UAE inquiry examines relationships among participants, their circumstances, and the consequences
of interventions. The ontology connects employment, accommodation, essential services, and financing
within a common analytical structure. It supplies research directions that cross conventional sectoral bound-
aries and retains the empirical conditions needed to establish each consequential relationship.

The simulations use JudgeAl’s normative engine to propagate consequences and compare alternative
worlds. Each comparison uses a shared baseline and the same represented participants and outcomes.
Inputs retain their measured or scenario status, and the normative criterion remains fixed while factual
assumptions and intervention designs vary.

The engine evaluates participant-level consequence profiles under JudgeAl’s computational legal theory.
It preserves the significance of adverse consequences and the distribution of improvements across partic-
ipants. This enables the controlled experiments below: the same alternatives can be compared with and
without particular dependencies, with financing consequences included or omitted, and against an aggre-
gate calculation. The differences identify which features of the normative representation materially affect
the result.

4.2 Intervention corpus and controlled experiments

Table 2: Original UAE scenario corpus. Counts are computational configurations and evaluations.

Series Configurations  Worlds Pairs
Ontology-linked frontier 2,100 6,300 6,300
Medical service continuity 3,456 17,280 34,560
Recovery and implementation 3,456 20,736 51,840
Total 9,012 44316 92,700

The mechanism analysis uses the 700 worker-recovery configurations from the frontier series. It varies four
decision-relevant inputs: the direct effect, the inter-actor response, the payer consequence, and a common
implementation multiplier. These inputs correspond to distinct empirical questions about the intervention
and its consequences.

The new analysis contains four computational tests. First, all 700 cases are replayed through the native
engine, with exact equality of the stored profile vectors and preferred sets. Second, three component
ablations are evaluated on their identical inputs. Third, all 16 subsets of the four research variables are
checked for decision sufficiency. Fourth, a dense sensitivity study adds 1,149 native comparisons, each



evaluating three worlds and their three pairs. The alternative-expansion test then reuses the 3,456 recorded
recovery states and compares restricted menus under the native comparator.

The constructed scenarios specify conditional states of the world. Empirical studies enter with their mea-
sured endpoints and populations; they determine relevant mechanisms, plausible interventions, and the
next measurements. Scenario frequencies below describe the enumerated design. This study uses con-
trolled computational comparisons to identify how the architecture changes what can be investigated and
selected.

4.3 Separate design for broad threat exploration

The additional experiment starts with 16 threat directions in a shared UAE consequence representa-
tion: cardiovascular/metabolic burden, cancer, air pollution, infection and antimicrobial resistance,
mental/neurological health, heat, water, energy, food/ecosystems, flooding/coastal exposure, injury, vio-
lence/conflict, material deprivation, healthcare, institutional protection, and the information environment.
Global climate and systemic-risk assessments help define this scope [15, 16, 17]. They do not directly
supply individual consequence probabilities.

The experiment contains 12 series and 285 world records, including 24 repeated reference and unchanged-
control records (Table 3). These records are kept separate from the intervention corpus and are not indepen-
dent empirical observations. The numerical basis and direct-response assumptions are versioned within
this experiment. It uses an isolated research copy with a documented correction to the scaling of direct
updates; the normative comparator and TI formulae are retained. Appendix B records the verification
scope.

Table 3: Additional broad-search experiment. Counts are series and stored scenario records.

Experiment family Series  World records
Increasing/decreasing burdens, 1/10/30-year horizons 3 102
Equal initial dose, 10/30-year horizons 2 36
Compound resource stress 1 18
Baseline-calibration and response sensitivity 4 88
Macro recomputation after contextual refinement 1 18
Local alternatives and controls 1 23
Total 12 285

Threat directions transform shared consequence coordinates rather than create independent copies of harm.
Overlapping assumed reductions are combined using the largest declared reduction unless an interaction is
separately specified. Horizons describe distinct prospective states; annual risks are not repeatedly added.
Equal-dose perturbations control the inserted magnitude, not the real-world effectiveness of different in-
terventions. Numerical intensities and responses retain their scenario status.

5. From a threat space to an empirical research agenda

5.1 Broad comparison identifies several research branches

The native comparison first examines complete-field profiles of positive and signed changes by actor, then
changes in TI relative to the common anchor, and finally absolute TI profiles. The numerical tolerance is
e = 1078, Absolute profiles are also compared separately as a diagnostic; this does not replace the native
sequence.



In proportional-load experiments at 1-, 10-, and 30-year horizons, the native comparison selects the men-
tal/neurological direction, whereas the absolute-TI diagnostic selects the cardiovascular/metabolic direc-
tion. Equal initial doses at 10 and 30 years instead select infection and antimicrobial resistance under
the native comparison. Thus, the broad stage reveals dependence on the perturbation design rather than a
single established hierarchy of threats.

The cardiovascular branch is retained for empirical investigation because its absolute-profile result and
available observations support a specific next question. The climate/resource branch is retained as a sys-
temic dependency linking environmental exposure, essential services, and individual protection. It is not
presented as the numerical winner of the main comparison. Mental/neurological and infectious threats
remain in the research queue. This branching records the agent’s research strategy; it does not establish
that the chosen branches are the optimal use of research resources.

5.2 Evidence changes the local question

The cardiovascular inquiry proceeds from severe disease outcomes to the hypertension-care cascade. The
WHO UAE profile reports 2024 estimates of 35% hypertension prevalence among adults aged 30-79;
among adults with hypertension, 37% are diagnosed, 31% treated, and 18% controlled [18]. These de-
nominators describe population states, not longitudinal transitions in one cohort. Existing programmes,
including Nabdak [19], make the next question more specific: which additional organisation of confirma-
tion, treatment, follow-up, and reassessment could improve completion of care relative to current practice?

A UAE randomised telepharmacy study involving 239 patients in 16 pharmacies informs investigation of
that mechanism [20]. It tests a service package rather than a new payment rule; the 12-month between-
group systolic-pressure comparison has p = 0.06. The inquiry therefore produces a conditional care-
completion alternative and requests linked pathway data. It does not infer a mortality reduction or a regu-
latory effect from the trial’s surrogate outcomes.

The climate inquiry moves from heat to effective cooling, water access, and safe restoration following a
local failure. Existing Abu Dhabi heat and accommodation requirements define the comparator [21, 22].
Network reliability, premises equipment, and protection actually reaching a person are distinct. The DEWA
reliability statistic used in the medical-continuity analysis also illustrates this distinction: average network
performance does not identify local cooling failure or exposure duration. The resulting candidate com-
bines temporary protection with verified restoration and explicit repair-worker consequences. A residual
protection gap must be established in the relevant setting.

5.3 Context refinement returns to the common calculation

The empirical descent adds six conditional human contexts: a patient with uncontrolled hypertension; a
person affected by cooling and water failure; household providers with and without a material reserve;
another patient whose care is displaced; and a repair worker. They are reference situations, not observed
population cohorts. Primary consequence states increase from 20 to 40. All 16 macro directions are then
recomputed on the expanded basis before evaluating the local alternatives.

Financing enters through the consequences borne by a person. A payment cannot be converted directly
into a TI effect without an account of reserves, obligations, consumption, care, or other affected conditions.
Reliability is held fixed between local alternatives, while effects and burden incidence vary. Zero-benefit,
adverse-effect, care-displacement, and repair-exposure controls test the assumed mechanisms.

Of 21 substantive local actions, six are preferred to the current state, two are tied, and 13 are worse. The
local series contains 23 worlds after adding the current state and its unchanged copy. A zero-benefit option
with a small burden ties with the reference; a larger burden makes it worse. Both adverse-effect controls



also lose. Benefits can therefore justify some modelled burdens, while their incidence can reverse the
comparison.

Table 4: Selected results of the separate broad-search and context-refinement experiment.

Condition Native comparison Absolute TT diagnostic
Proportional burden changes, three Mental/neurological direction Cardiovascular/metabolic direction
horizons

Equal-dose perturbations, two hori- Infection/antimicrobial resistance A profile ties with every other;
zons some other pairs differ

All directions after context refine- Material deprivation All 18 profiles pairwise tied

ment

Final local alternatives 6 preferred, 2 tied, 13 worse than All 23 profiles pairwise tied

the reference

The selected cooling/water scenario assumes reductions of 25% in adverse thermal intensity, 17.5% in
water-related intensity, and 12.5% in impaired recovery, with an additional material-threat intensity of
0.005 for the provider with reserves. Its first decisive complete-field difference is —1.53995 x 1077,
approximately —15.40e. These are conditional inputs and a numerical comparison, not estimated interven-
tion effects or monetary costs. All absolute TI profiles remain pairwise indistinguishable, so the preference
does not establish a distinguishable reduction in absolute minimax TI.

The revised macro selection changes to material deprivation. This demonstrates sensitivity to the expanded
representation, not an observed change in the jurisdiction’s fundamental priority. Absolute levels from dif-
ferently constituted bases cannot measure societal improvement. In several non-leading macro alternatives,
pairwise checks also reveal non-transitive ties and strict preference cycles. Leading native candidates pass
the no-pairwise-loss check; the remaining linear display is not interpreted as a strict ranking. No such
cycles occur in the final local set.

5.4 What the additional experiment establishes

The experiment completes a bounded cycle from general threats through empirical questions and local
alternatives back to the common model. Its numerical propagation uses direct state perturbations and
ontology geometry; there are no active typed empirical causal transitions in this experimental layer. The
sources establish observations, mechanisms, and existing duties, while the stated response magnitudes
remain hypotheses.

The result supplies a next measurement programme: linked hypertension pathways, event-level cooling
and water failures, actual temporary protection, restoration conditions, and the joint incidence of costs and
displaced services. These measurements can revise the shared calibration and candidate effects, followed
by another full comparison. Optimal research prioritisation, population-wide threat calibration, and real-
world efficacy remain unestablished by this finite experiment. Its contribution is the traceable formation
and revision of research tasks within the architecture tested by the intervention studies that follow.

6. How empirical dependencies change regulation

6.1 Empirical conditions change the preferred intervention

The frontier experiment compares the reference arrangement, a targeted intervention with additional enter-
prise protection, and a broad intervention. The direct effect and payer consequence are held fixed while
the worker-to-enterprise relationship changes. Three recorded conditions produce three different preferred
regulatory configurations.



Table 5: Changes in the represented relationship change the preferred regulation.

Condition Consequential relationship Native selection

Adverse Both interventions introduce an adverse Reference arrangement
enterprise consequence

Intermediate Additional enterprise protection changes the Targeted intervention with protection
consequences of targeted delivery

Favourable Broad delivery improves worker and Broad intervention

enterprise outcomes

The calculation identifies an empirical research task: establish the actual relationship between worker
recovery and the enterprise’s operating conditions. Inquiry can then distinguish the conditions supporting
targeted protection, broader delivery, or retention of the reference arrangement. Each change in choice is
traceable to the consequences that distinguish the alternatives.

A separate payer sensitivity test changes the research direction. In the tested three-option menu, an added
payer threat makes the reference preferred. The next substantive question becomes whether a different
financing or implementation arrangement can deliver the intervention while avoiding the identified adverse
consequence. Such an arrangement enters as an additional world for comparison.

6.2 Distribution of consequences affects the result

A recorded case gives the targeted intervention a larger aggregate reduction in the represented threats while
the native criterion selects broad delivery. The interventions distribute their benefits differently between the
worker and the enterprise. Their preferred ordering therefore depends on the participant-level normative
comparison, rather than the total alone.

In another recorded case, the targeted intervention benefits the worker while introducing an adverse en-
terprise consequence. The aggregate calculation selects that intervention; the native comparison retains
the reference. Together, the examples show why the consequences for each participant remain available
throughout the inquiry. Research can investigate the particular dependency responsible for the divergence
and construct an intervention that addresses it.

6.3 Component ablations

The direct-only ablation evaluates consequences before their propagation between participants. The payer
ablation sets the payer consequence to zero while preserving the remaining coordinates and comparator.
The scalar ablation sums the same post-propagation coordinates and minimises that sum. Each ablation
retains the same alternatives and scenario inputs.

Table 6: Changed preferred sets under controlled ablations, compared with full native evaluation.

Ablation Changed / 700  Mechanism isolated

Remove inter-actor propagation 176 (25.1%) Secondary consequences alter the choice

Omit payer consequence 384 (54.9%) Distribution of financing consequences mat-
ters

Replace normative vector with a sum 392 (56.0%) Participant-level ordering differs from aggre-
gation

In 388 of the 392 scalar disagreements, the preferred sets are disjoint. The remaining four are changes
in equivalence structure. These are deterministic comparisons of representations on the same grid. They



Remove inter-actor propagation - 176 (25.1%)

Replace normative comparison with a sum - 392 (56.0%)

0 100 200 300 400 500 600 700
Changed preferred sets / 700 scenarios

Figure 1: Controlled component comparisons on the same 700 scenario inputs. Bars count changes in the
preferred set when a specified part of the evaluation is removed or replaced.

locate the work performed by the ontology-linked propagation and normative comparator: the system’s
conclusion depends on specific relationships and participant-level effects that simpler calculations discard.

7. From sensitivity to a programme of empirical inquiry

7.1 What the system needs to know

For a chosen subset () of the four parameters, group all 700 states that agree on (). A state is resolved by
@ when every member of its group has the same preferred set. This directly implements Equation (3). The
test identifies which combinations of inputs determine the preferred set throughout the scenario grid.

Table 7: Information sufficient to identify the preferred set in the scenario grid.

Coordinates known Resolved states / 700  Largest remaining number of choice sets
Direct effect a 0 3
Inter-actor response A 0 4
Payer consequence p 280 4
Common multiplier f 0 4
a and A 80 3
a and p 364 3
Aand p 380 2
a, A\, and p 700 1

The result is more informative than a global sensitivity ranking. Payer information alone resolves the 280
positive-payer cases in this menu. Other states require linked information about the response and direct
effect. The smallest state-specific certificates use one coordinate in 280 states, two in 212, and three in
208. None requires all four.

The common multiplier provides a negative control: it changes consequence magnitudes while leaving the
preferred sets unchanged throughout the tested grid. This result distinguishes a change in the estimated
size of effects from a change in the choice itself. The system can direct further inquiry toward variables that
distinguish regulatory alternatives, while retaining information about scale for implementation planning.
The observed invariance concerns the common multiplier used in this experiment; technology-specific
delivery conditions remain separate research variables.
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7.2 From a numeric coordinate to an empirical request

The trace translates each decision-relevant input into a concrete empirical research request. In this case, it
identifies a worker, the actual recovery period, the employer relationship, and the operational or financial
endpoint. The required observations join the worker’s recovery conditions to absence, continuity, output,
and enterprise cash constraints over a common horizon. Alternative explanations include shift patterns,
seasonal heat, workforce changes, and intervention costs.

Consequential employment relationship

Worker > Enterprise
Recovery conditions / Continuity and working capital
///
//
Choice depends on / i )
the observed relationship / Financing consequences
/ remain in the comparison
.//
e

Research question
Effect on operations
and financial obligations

Payer
Capacity to meet obligations

Figure 2: An ontology-bound research question. The relationship between worker recovery and enterprise
activity identifies the subject of empirical inquiry. Financing consequences remain represented separately.
The diagram presents the case relationships at the level of the research question.

A payer coordinate generates a different request: the identity of the payer, contractual cash dates, manda-
tory obligations, available liquidity, displaced services, and the distribution of costs passed to others. The
ontology connects expenditure to its consequences for the payer’s liquidity, obligations, and affected ser-
vices.

The research cycle can also discriminate between conflicting studies. If the disagreement leaves all compat-
ible states inside the same decision region, it can be recorded without suspending the choice. If it crosses
a boundary, the system has an explicit reason to investigate design, population, endpoint, or causal iden-
tification more deeply. The significance of the conflict is established through its effect on the normative
result.

8. Discovery through expansion of regulatory alternatives

8.1 Evidence changes the object of intervention

The recovery investigation connects the actual sleep environment, access to appropriate care, and the con-
tinuity of economic activity. Existing Abu Dhabi fatigue provisions already address night-worker accom-
modation and sleep conditions [7]. The additional regulatory object developed through the inquiry is a
verified recovery service: the actual delivered conditions, technical maintenance, and appropriate access
to assessment, linked to a financeable delivery arrangement.

The empirical literature separates mechanisms that a general recommendation to improve sleep would com-
bine. A randomised study of 452 adults found that the night-sleep interventions added approximately 27
minutes, without a detectable productivity gain from the pooled night treatment [8]. A 15-person crossover
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study found that a conductive mattress topper increased sleep by 21.4 minutes under the tested 32-degree
condition, while the neutral-temperature condition did not show the same duration benefit [9]. A station-
randomised programme involving 1,189 firefighters combined education, screening, and referral; disability
and injury-related absence averaged 1.4 versus 2.6 24-hour pay periods per person per year [10].

These results identify different intervention objects and endpoints. Thermal relief, sleep duration, access to
assessment, and occupational absence require their own causal links. The local Abu Dhabi study of 36,515
full-time workers supplies relevant joint domains, including sleep, housing satisfaction, work conditions,
and health [11]. Together, the evidence develops a set of candidate mechanisms and a specification for
targeted local measurements.

The six compared configurations are the existing regime, additional general air conditioning, an efficient
retrofit, a device targeted to overheated sleepers, diagnosis and recovery-care access, and a retrofit com-
bined with that access. Each world specifies whether a recovery deficiency exists, whether the technol-
ogy works, whether the sleep environment is preserved, whether an assessed need and referral capacity
exist, and whether the alternative can actually be financed. Employer, payer, and additional clinical con-
sequences remain represented separately.

8.2 Testing the value of a richer alternative set

Two restricted menus were evaluated against the full six-option set. The first retained only the existing
regime and additional general air conditioning. The second retained every individual intervention while
removing the combined retrofit-and-access option. Consequences were held fixed; the native comparator
determined whether an omitted configuration was strictly preferable to the best retained alternative.

Table 8: Strict improvements discovered by expanding the alternative set.

Starting menu Improved states / 3,456  Concrete witness

Reference and general cooling 128  Savings-backed retrofit is executable where
general cooling is not

Reference and all individual interventions 5 Joint recovery and access deficits favour the

combined package

The combined-deficiency witness is particularly instructive. With effective implementation, available re-
ferral, upfront finance, and equal additional side effects, the four individual interventions are equivalent
under the comparison: each addresses one of two specified deficits. The combined package addresses both
and becomes the unique preferred option. When funding is restricted to verified energy savings, the effi-
cient retrofit is the executable preferred intervention. The research therefore changes both the substantive
package and the conditions under which it should be chosen.

Within the ordered comparison setting used for these menu tests, adding alternatives can preserve the
existing best value or improve it, provided the original alternatives and their consequences are retained. The
observed strict improvements establish this effect on the tested menus; the statement is not an assertion of a
total order for every tolerance-based comparison discussed in Section 5. This property supports systematic
exploration beyond the initial policy menu. An empirically motivated intervention can enter, be compared,
and displace that menu’s best option.

8.3 The resulting legal mechanism

A recovery-service contract can specify the actual recovery interval, the deficiency to be remedied, the
performance condition to be maintained, and the measurement needed for acceptance. Bidders can pro-
pose building improvements, equipment, operational arrangements, or a combination. Clinical access is
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included when an assessed unmet need and delivery capacity make it consequential. Energy performance
is measured at a preserved recovery service, preventing apparent savings obtained by degrading the con-
tracted outcome.

The legal object thereby follows the causal object. Procurement pays for a maintained improvement in
conditions rather than treating the purchase of a named device as sufficient performance. This supports
innovation because suppliers can propose different means of achieving the verified result. Comparison
remains open to those different means, their adverse consequences, and their financing requirements.

9. Medical continuity and the need for joint empirical data

9.1 Deriving the relevant endpoint

For a person dependent on an electrical medical device, the relevant object is the continued operation of
that device under the required load. The network’s average reliability is a contextual fact. DEWA reports
0.82 customer-minutes lost in 2025 [12]. The scenario model therefore investigates event-level supply,
including building-internal faults, usable reserve, and time to a functioning compatible substitute.

Let D be outage duration, B tested reserve autonomy, and 7' time until substitute supply is operational.
Under uninterrupted switching and working compatible equipment, a loss of the essential electrical service

occurs when
H(D,B,T)=1{min(D,T) > B}. (6)

The gap duration is [min(D,T") — B]. This physical relation identifies a joint empirical object. It asks
about the same event, load, reserve state, and functioning substitute, rather than three unrelated averages.

9.2 A constructive demonstration of missing information

Consider two equally weighted event types with duration values of 30 and 120 minutes, reserve values
of 60 and 180 minutes, and substitute time of 120 minutes. Both constructed populations have identical
duration and reserve marginals and the same means: 75 and 120 minutes. Their joint pairing differs.

Table 9: Identical marginal data, different continuity consequences. Each event has weight one half.

Joint population Event 1: (D,B) Event2: (D,B) Pr(H =1)
Aligned reserve (30, 60) (120, 180) 0
Crossed reserve (30, 180) (120, 60) 0.5

This is a concrete instance of Proposition 1. A procedure observing only those marginals cannot distinguish
a population with no service loss from one in which half the constructed events cause a gap. JudgeAlI’s
consequence model states exactly which join is required. The empirical request includes fault origin, dura-
tion, actual operating load, available reserve at the event, switching performance, and time to functioning
replacement supply.

9.3 From a fault mechanism to regulatory design

The original continuity experiment compares existing arrangements, network prevention, faster assisted
supply, end-use reserve, and a combined option. In the recorded building-fault example, the outage lasts
120 minutes, current reserve is 15 minutes, and substitute supply becomes operational after 120 minutes. A
tested upgrade supplies 240 minutes of autonomy. With the additional payer and device-risk coordinates
set to zero in this conditional world, end-use reserve and the combined option are preferred. Network
prevention alone leaves the internal fault unresolved.
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Technical field evidence also changes the delivery object. A study of solar battery provision for electricity-
dependent medical devices reported operational problems involving power sufficiency and components;
support was material to functioning use [13]. Thus installed capacity is only one part of the service specifi-
cation. Compatibility, actual-load testing, switching, maintenance, replacement, and available assistance
enter the implementation model.

The resulting regulatory proposal procures maintained medical-electricity continuity at the point of use. Its
verified output is functioning service through the relevant interruption, with the responsibilities needed to
preserve that output. The calculation identifies what must be achieved, while technical inquiry discovers
feasible ways of achieving it.

10. Financing is an intervention on the causal pathway

An intervention with a beneficial technical effect can remain unexecuted because the implementer cannot
finance its initial cost. Financing must therefore be represented before the comparison of realised worlds.
Let K be capital expenditure, L initially available private liquidity, and G public support. Self-financing
and reimbursement after completion require

L>K. (7)
An advance available before the expenditure changes the private condition to
L>K-G, (8)

while requiring the corresponding public liquidity. The financing analysis derives these conditions from
dated cash flows, retaining the separate parties’ requirements.

N4
T 10 dem e
z
) Executable with advance;
2 0.8 1 not executable with reimbursement
2
2 0.6 -
S
S 0.4 -
£
S
£ 027 __ Reimbursement after completion
é —— Advance available before payment
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Public support / capital cost, G/K

Figure 3: Exact cash-timing boundary normalised by actual capital cost K. The shaded region identifies
projects made executable by a cleared advance, with the same eventual support amount. The figure de-
scribes liquidity feasibility; participant consequences remain inputs to normative comparison.

The result identifies a legal difference between nominally equal subsidies. A reimbursement may leave the
initial barrier intact; an advance or contractually financed delivery can remove it. The research then fol-
lows the public obligation, supplier exposure, performance risk, and effect on other services. A financing
arrangement changes the feasible delivery world and the distribution of consequences simultaneously.

A savings-financed retrofit introduces a second boundary. With counterfactual annual energy expenditure
B., verified saving fraction s, annual contract payment P, and separately charged maintenance, verifica-
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tion, financing, and replacement costs M, V, F, R, positive customer cash savings require

P<sB.—M—-V—F—R. 9)

The expenditure comparison must preserve the contracted service, occupancy, and tariff basis. DEWA’s
reported Jafza retrofit provides an engineering context with 32.6% energy savings [14]; the inequality uses
the actual project’s verified saving fraction and costs. It consequently supplies a bid-evaluation question
and a pricing frontier rather than a universal technology preference.

This analysis changes the proposed legal instruments: staged procurement, performance acceptance, ad-
vance availability, savings-backed execution, and allocation of maintenance and shortfall responsibility.
These are causal features of an implementable intervention. They belong in the compared world before
the normative choice is finalised.

11. From computational findings to a regulatory package

The UAE package translates the inquiry into a proposed enabling framework with 13 articles and model pro-
curement provisions. Its structure follows three computed objects: recovery conditions, essential-service
continuity, and executable finance. The following table shows the relationship between a result and the
corresponding legal design decision.

Table 10: Trace from computation to regulatory construction.

Computational finding Information or intervention required Regulatory construction

Secondary  enterprise  effect
changes the preferred scope
Thermal and access deficits can
favour a combined option
Building faults survive network-

only intervention

Joint recovery and enterprise
outcomes

Separate assessment of both deficits
and joint delivery

Device-level reserve, fault origin,
compatible supply

Targeting and delivery conditions tied
to the affected relation

A package contract permitting retrofit
plus care access

Maintained point-of-use continuity
service

Support after completion can
leave an initial financing gap
A common scale factor leaves or-

Cash timing and each party’s liquidity

Research into distinctions that cross

Executable advance, milestone, or
supplier-financed delivery
Evidence requirements focused on

dering unchanged decision boundaries choice-relevant variables

The framework permits experimental procurement directed at a defined empirical question and subsequent
delivery conditional on verified performance. Its proposed obligations state the service to be maintained,
the actors responsible, the evidence required, and the financing arrangement. The available technology
can evolve while the verified objective and participant-level consequence accounting remain explicit.

This is how new regulatory possibilities arise. A familiar sectoral starting point can be transformed into
a different legal object: from room equipment to recovery service, from network reliability to maintained
device continuity, or from nominal support to a cash schedule that makes delivery possible. The novelty
demonstrated is the derivation and comparison of those designs from the analysed conditions and mecha-
nisms. Each design has a computational and empirical reason for entering the package.

12. What sustained self-improvement means in this architecture

The system can improve along three connected dimensions. Empirical refinement specifies a relevant
effect, subgroup, causal relationship, or uncertainty more accurately. Representational refinement captures
a consequential distinction such as fault origin, an actual sleep interval, or the identity of the person bearing
a financing burden. Alternative expansion discovers a technical, contractual, or institutional intervention
and evaluates it under the same normative apparatus.
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These operations accumulate because the trace preserves their relationship to the decision. A new source
does not merely lengthen an explanation. It can change the parameter range, distinguish populations pre-
viously pooled, invalidate an assumed effect, or motivate an additional intervention. The resulting recal-
culation states whether the choice changes and why. If the choice remains stable, the system can establish
the range of conditions supporting that stability.

Research-agenda formation extends the cycle to an earlier stage. The broad-search experiment begins with
several threat directions, identifies questions for empirical descent, and returns new contexts to the whole
calculation. This differs from simply refining a selected intervention: the subject of further inquiry can
itself change. The observed cycle supports that operational capability, while comparative evidence about
the quality of research prioritisation remains a further requirement.

The empirical programme is endogenous to the normative problem. A missing variable becomes a research
target because it distinguishes worlds with different normative outcomes. A proposed invention becomes
relevant because its feasible effect could move an option into a preferred region. A financing reform
becomes relevant because the represented technology is otherwise unavailable. This relationship gives the
autonomous orchestrator a continuing direction of work.

Sustained inquiry improves the decision through concrete research operations: resolving consequential
contradictions, measuring joint dependencies, testing decision boundaries, and evaluating additional inter-
ventions. The improvement is embodied in the represented world and the available regulation, with the
grounds of each change preserved. The engine remains deterministic for the same complete inputs, while
the agent’s research changes the information and alternatives submitted to it.

The most consequential architectural property is that normative reasoning can participate in a cumulative
scientific process before the eventual social outcomes of a law are observed. The system can already test
dependence on evidence, robustness across specified worlds, completeness of an intervention’s implemen-
tation, and improvements obtainable by expanding the alternative set. Subsequent real-world evidence can
enter the same structure and revise the decision again.

13. Why these results support the potential to outperform human decision-making

The experiments support a concrete proposition: JudgeAl can potentially reach a better-grounded norma-
tive decision than a human decision process by systematically discovering and evaluating consequential
relationships, empirical distinctions, and intervention designs that the latter leaves unresolved. The com-
parison concerns the quality of the resulting decision under an explicit normative theory. Its basis is how
adequately the decision represents the relevant reality and which feasible alternatives it considers.

13.1 The connection between the tests and decision quality

The component experiments show that omitted consequences can change regulation. Removing inter-
actor propagation changes the preferred set in 176 of 700 scenarios; omitting payer consequences changes
it in 384. A decision process that leaves these relationships unexamined can therefore reach a different
conclusion even when it begins with the same intervention and direct-effect evidence. Traceability makes
the consequential omission identifiable, and recomputation makes its effect on the decision observable.
These counts measure the effects of analytical omissions in the experiment, rather than human error rates.

The information-sufticiency test supplies the next link. Knowledge of the direct effect alone resolves none
of'the 700 states, while three linked inputs resolve all of them. More precise knowledge of an isolated bene-
fit can therefore leave the normative question unanswered. JudgeAl can identify the additional relationship
that must be investigated and test whether acquiring it settles the choice. The constructed continuity ex-
ample makes the same point physically: identical marginal data can conceal different risks of losing an
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essential service. Recovering the relevant joint relationship improves the empirical basis on which any
normative criterion must operate.

Alternative expansion provides direct evidence of improved choice within the comparison. In 128 of 3,456
scenario states, the enlarged menu contains an option strictly preferred to the best option in the original
two-option menu. In five states, a combined intervention improves on every available individual interven-
tion. Here the improvement is a better-ranked alternative, found while holding each represented option’s
consequences and the normative criterion fixed. A human decision process confined to the narrower menu
could not select that alternative. JudgeAl’s research architecture provides a way to discover it, specify its
implementation, and bring it into the comparison.

The aggregate-score experiment establishes a different point: preserving participant-level consequences
changes 392 selections. This is evidence that the normative representation performs substantive work. The
assessment of improvement follows the stated computational legal theory; disagreement with an aggregate
score alone is not a measure of superiority. Empirical completeness and normative evaluation remain
connected throughout the argument.

13.2 A cumulative advantage in normative inquiry

The potential advantage over human decision-making lies in making these operations systematic and cu-
mulative. Once a dependency has been represented, subsequent alternatives can be evaluated against it.
Once a missing joint observation has been identified, research can target that observation. Once a promis-
ing alternative has been constructed, it can be compared with the existing menu across the represented
conditions. Earlier findings remain connected to the decision as the inquiry develops.

A human analyst can also discover these relationships and proposals. JudgeAl turns their investigation
into a repeatable computational process that autonomous orchestration can sustain across many conditional
worlds. The 92,700 pairwise comparisons in the original corpus establish the scale at which this process
was exercised; the controlled tests establish why particular distinctions and additional alternatives mat-
ter. Computational volume becomes useful when it preserves consequential distinctions, locates research
needs, or reveals a preferable implementable intervention.

The broad-search extension adds evidence about the organisation of inquiry, rather than a new human-
performance benchmark. Its conditional local preferences and sensitivity findings do not establish the
most important threat or the best research allocation. The potential advantage discussed here remains
grounded in the demonstrated component effects and alternative-expansion results, with the additional
cycle showing how such investigation can be initiated and revised.

The resulting scientific claim is mechanism-based: JudgeAl can potentially outperform a human
normative decision process when its traceable inquiry achieves a more adequate representation of
consequential reality and discovers better alternatives under the same normative criterion. The
tests demonstrate the component mechanisms of that advantage. They show how an omitted relationship
changes a decision, how a specific empirical distinction resolves it, and how an expanded design space
produces a strictly preferred option. Autonomous orchestration connects those mechanisms into sustained
improvement of the normative decision itself.

14. Conclusion

JudgeAl’s computable and traceable normative decision provides an operational foundation for au-
tonomous regulatory discovery. The experiments show three distinct effects. Inter-actor and payer
consequences materially change the choice; targeted empirical information can identify it without resolv-
ing every numerical uncertainty; and an expanded intervention set can supply a strictly preferred solution
that a narrower menu cannot express.
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The separate broad-search experiment extends the architecture to discovering which problem to investigate.
Sixteen threat directions generate several empirical branches; local inquiry adds human contexts; and the
entire represented set is recalculated. The resulting preferences remain conditional, and the absolute TI
diagnostic does not distinguish the final local worlds. This finding identifies the scope of the achieved
result: an executed, inspectable cycle of research-agenda formation and revision.

The applied result is a set of legal designs derived from the mechanisms that make them effective and
executable: verified recovery services, maintained medical-electricity continuity, and financing aligned
with delivery. Ontology locates the consequential relations, the normative engine compares their realised
worlds, and orchestration investigates and develops the possibilities exposed by those comparisons.

These findings explain the potential to improve on human normative decision-making: JudgeAl can turn
consequential omissions and unexplored alternatives into explicit research tasks, then incorporate their
results into a consistent comparison. The advantage grows through the substance of the inquiry: a more
adequate account of reality, a richer set of feasible interventions, and a decision recalculated on that basis.

Full traceability makes the decision available for continued research. Empirical inquiry can consequently
improve the substance of regulation itself: what is protected, which intervention is chosen, who delivers
it, how it is financed, and under which conditions it should be adopted.

A. Experimental verification

The intervention replay, boundary and component experiments used JudgeAl’s normative engine with a
fixed computational configuration. Identical complete inputs returned the same preferred sets, and equiv-
alent best alternatives were retained. The 700-case replay reproduced the earlier recorded results. The
dense sensitivity study added 1,149 comparisons, each evaluating three worlds. Replay and new sensitiv-
ity evaluations together comprised 5,547 world evaluations and 5,547 within-run pairs.

The component comparisons retained the same alternatives and factual inputs while changing the specified
evaluation component. The information-sufficiency test examined all subsets of four research variables and
identified the smallest combinations that resolved the choice in each tested state. The alternative-expansion
analysis retained the same represented consequences while comparing restricted menus with the full menu.
These controls connect each reported difference to the analytical operation under examination.

B. Verification of the broad-search extension

The additional corpus retains the 12 final series, their shared references, input versions, full profiles, pair-
wise comparisons, empirical records, and the reasons for each contextual revision. Its 285 records include
repeated controls and are not pooled with the original intervention corpus. The broad and local stages
have separate versioned bases; comparisons within each final series use the same actors, routes, and initial
states.

Before those comparisons, a scale-consistency check identified a mismatch between direct updates and
non-empty baseline cells. An isolated research copy corrected update scaling and its audit; the norma-
tive comparator and TI formulae were retained. After correction, all 21 mappings of 20 initial outcomes
responded monotonically. Separate checks covered 420 reachable actor—endpoint coordinates, with no
clipping across 1,680 non-empty calibrated cells. The maximum scale-identity error was 6.94 x 10718,
Reverse representations of three already bidirectional geometric links distinguished water, energy, and
sanitation states. These numerical and representational checks do not identify empirical causal effects.

The unchanged control reproduces the reference across all compared profiles. Macro and local compar-
isons after contextual refinement share the same basis. Pairwise audits preserve the macro cycles and local
ties reported in Section 5. Consequently, this extension is reproducible as a conditional computational ex-
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periment; neither its precision nor its source bibliography establishes the scenario responses as observed
intervention effects.

C. Worked research requests

Table 11: Research requests derived from the traced comparisons.

Decision dependency Data to obtain jointly How the result enters the next
comparison

Worker recovery and en- Actual sleep period and conditions; Refine the signed consequence;

terprise consequence shifts; absence and output; operating compare additional protection,
costs and cash obligations over a com- different scheduling, targeted de-
mon horizon livery, or broader coverage

Recovery package com- Thermal deficiency; assessed unmet Determine whether individual or

position care need; available referral; technol- combined interventions remove

ogy performance; package-specific de- the represented deficits
livery and adverse effects
Essential electrical conti- Fault origin; duration; device load; re- Construct event-level loss and

nuity serve state and ageing; switching; oper- gap distributions for each deliv-
ational substitute time ery alternative

Financing incidence Payer and implementer liquidity; dated Recompute executable worlds
obligations; contractual support; dis- and separate consequences for
placed expenditure; pass-through every payer and beneficiary

Savings-backed delivery ~ Baseline service; occupancy and tariffs; Test financing availability while
metered use; contract payment; mainte- preserving the contracted recov-
nance, finance and replacement costs ery outcome
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