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ABSTRACT

Policy-aware computing models embed governance rules, regulatory requirements, and institutional policies directly into

the computational systems that operate on emerging technologies, enabling automated compliance enforcement and

real-time governance monitoring that manual regulatory processes cannot achieve at the speed and scale of modern

technology deployment. Extending the PAECF framework from educational governance (Novak, 2025) to the broader

domain of emerging technology governance, this paper proposes the Policy-Aware Computing for Emerging Technology

Governance Framework (PACE-TGF), evaluating five policy-aware computing architectures -- policy-as-code

automation, AI compliance monitoring, smart contract governance, rights-based constraint systems, and adaptive

regulatory sandboxes -- across four emerging technology governance domains: generative AI regulation, autonomous

systems certification, biotechnology oversight, and quantum cryptography standardisation. PACE-TGF introduces the

Technology Governance Quality Score (TGQS) integrating regulatory compliance coverage, enforcement effectiveness,

adaptability to technology evolution, and democratic accountability. Key results: policy-as-code achieves the highest

TGQS (0.904) for domains with clear regulatory requirements; adaptive regulatory sandboxes achieve the highest

adaptability score (0.960) for rapidly evolving technologies; rights-based constraint systems provide the strongest

protection for fundamental rights at the cost of regulatory flexibility. The framework provides policy-aware computing

selection guidance for technology governance practitioners and regulators.
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1. Introduction

1.1 The Technology Governance Speed
Problem

Emerging technologies outpace regulatory

response by design: by the time a new technology

has been sufficiently understood for effective

regulation, it has often already been deployed at

scale and created path dependencies that limit

governance options. Generative AI reached 100

million users in two months (ChatGPT, 2023); the

EU AI Act took four years from proposal to

adoption (2021-2025). Autonomous vehicle

technology has been operationally deployed in

multiple jurisdictions before comprehensive

regulatory frameworks are in place. CRISPR gene

editing has proceeded from laboratory

demonstration to clinical application faster than

biosafety governance can adapt. Policy-aware

computing models address this speed differential

by making governance computationally

enforceable at the speed of the technology:

policy-as-code deploys governance rules in the

same continuous integration pipeline as the

technology itself, with same-day response to

regulatory updates; AI compliance monitoring

provides real-time governance signal rather than

periodic audit; adaptive regulatory sandboxes

enable safe deployment before comprehensive

regulation is finalised. PACE-TGF extends PAECF

(Novak, 2025) from educational to cross-domain

emerging technology governance.

1.2 Contributions and Paper Structure

PACE-TGF contributes: (1) five policy-aware

computing architectures for emerging technology

governance; (2) the TGQS metric; (3) evaluation

across 4 emerging technology domains; (4)

adaptive sandboxes as the preferred architecture

for rapidly evolving technologies. Section 2

reviews architectures. Section 3 presents

PACE-TGF. Section 4 reports results. Section 5

discusses. Section 6 concludes.

2. Background: Policy-Aware Computing
Architectures

2.1 Policy-as-Code, AI Compliance
Monitoring, and Smart Contract Governance

Policy-as-code (PaC): governance policies

expressed in declarative programming languages

(Open Policy Agent/Rego, Cedar, HashiCorp

Sentinel) deployed via CI/CD pipelines; established

effectiveness for digital services governance

(Novak, 2025, PAECF GES = 0.912); extension to

emerging technology: EU AI Act requirements

expressed as Rego policies evaluated against AI

system metadata (training data documentation,

performance metrics, human oversight

mechanisms); autonomous vehicle certification

criteria expressed as Cedar policies evaluated

against test suite results; limitation: PaC is most

effective when regulatory requirements are

well-specified -- less effective for rapidly evolving

technologies where requirements are uncertain or

contested. AI compliance monitoring: ML

classifiers trained on compliance violation

examples to detect non-compliance in real-time;

particularly valuable for detecting compliance drift
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in deployed systems (model performance

degradation, bias emergence, capability

expansion); PAECF achieved 94.2% violation

detection rate in educational domain. Smart

contract governance: self-executing multi-party

governance agreements on distributed ledgers;

appropriate for multi-stakeholder technology

governance contexts (international biotechnology

standards, cross-border AI certification).

2.2 Rights-Based Constraint Systems and
Adaptive Regulatory Sandboxes

Rights-based constraint systems (RBCS):

governance architecture implementing

fundamental rights (EU Charter, ECHR) as hard

constraints on technology behaviour; extends

CEFT deontological framework (Klein and Dubois,

2024) to computational governance -- rights

violations are technically prohibited, not merely

discouraged by policy guidance; implemented via

formal verification (TLA+ property specifications),

constitutional AI constraints (Bai et al., 2022), and

XACML attribute-based access control with

rights-based attributes; strength: strongest rights

protection; limitation: rights constraints may be

difficult to specify formally for novel rights

challenges (what does dignity mean for a biometric

AI operating on genetic data?). Adaptive

regulatory sandboxes: regulatory environment

allowing technology deployment under reduced

regulatory constraints with enhanced monitoring

and learning provisions; EU AI Act Article 57

mandates national AI sandboxes; enables

governance learning (regulators observe actual

technology behaviour and adapt requirements);

graduated exit conditions (from sandbox to full

regulation based on demonstrated

safety/compliance). Table 1 summarises all five

PACE-TGF architectures.

Table 1: PACE-TGF Policy-Aware Computing
Architecture Suite -- Five Approaches

Archit
ecture

Policy
Expres

sion

Enforc
ement
Mode

Adapt
ability

Democ
ratic

Mecha
nism

Best T
echnol
ogy Do
main

Policy-
as-Cod
e (PaC)

Rego/C
edar de
clarativ
e

Autom
ated
CI/CD

Mediu
m
(code u
pdate)

Version
-contro
lled go
vernan
ce

Clear r
equire
ments
(AI
Act)

AI Com
pliance
Monito
r

ML +
NLP cl
assifier

Real-ti
me det
ection

High
(model
retraini
ng)

Alert-b
ased ov
ersight

Deploy
ed
system
monito
ring

Smart
Contra
ct Gov.

Solidity
/Chainc
ode

Self-ex
ecuting

Low
(ledger
immuta
ble)

Multi-p
arty ag
reemen
t

Cross-b
order s
tandar
ds

Rights-
Based
Constr
aints

TLA+/
Constit
utional
AI

Hard p
rohibiti
on

Low
(rights
are
stable)

Rights
as gove
rnance

Funda
mental
rights
protect
ion

Adapti
ve San
dbox

Regula
tory co
ndition
s

Gradua
ted exit

Very
High
(by
design)

Regula
tor + d
eployer

Rapidly
evolvin
g techn
ologies

3. The PACE-TGF Framework

3.1 Technology Governance Domains

Four emerging technology governance domains.

Generative AI regulation: EU AI Act

implementation -- GPAI model requirements

(transparency, copyright compliance, systemic risk
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assessment for > 10^25 FLOPs models); primary

governance challenge: capability evolution speed

(new capabilities emerge between regulatory

requirement updates); policy-aware computing

need: automated capability monitoring and

threshold-triggered compliance review.

Autonomous systems certification: SAE Level 4+

AV certification, autonomous drone (EASA

U-space), surgical robots (MDR); primary

challenge: performance envelope edge cases (rare

failure modes not in test suite); need: continuous

certification monitoring vs. point-in-time approval.

Biotechnology oversight: CRISPR gene editing,

synthetic biology, gene drives; primary challenge:

dual-use risk (legitimate research enables misuse),

international coordination without enforcement;

need: multi-stakeholder governance with verifiable

compliance. Quantum cryptography

standardisation: post-quantum cryptography

transition (NIST PQC standards), quantum key

distribution governance; primary challenge:

standards precede widespread deployment --

proactive governance needed; need: adaptive

standards that update as quantum threat evolves.

3.2 TGQS Metric

TGQS = 0.30 x RegulatoryComplianceCoverage +

0.25 x EnforcementEffectiveness + 0.25 x

AdaptabilityToEvolution + 0.20 x

DemocraticAccountability.

RegulatoryComplianceCoverage: fraction of

applicable governance requirements actively

monitored and enforced (0-1).

EnforcementEffectiveness: expert assessment of

how well the architecture ensures compliance vs.

governance theatre (0-1). AdaptabilityToEvolution:

how quickly the architecture can incorporate new

requirements as technology evolves

(0=months-years, 1=days-weeks).

DemocraticAccountability: transparency and

democratic oversight of governance decisions.

Expert panel: 10 technology governance and

policy computing specialists. Table 2 presents

PACE-TGF specifications.

Table 2: PACE-TGF Framework -- Four
Domains, Five Architectures, TGQS Weights

Domain Technol
ogy

Pace

Primary
Governa
nce Cha
llenge

TGQS
Priority

Current
Regulat
ory Fra
mework

Generati
ve AI Re
gulation

Very
Fast

Capabilit
y
evolution
speed

Adaptabi
lity
(0.25)

EU AI
Act
(GPAI pr
ovisions)

Autonom
ous
Systems
Cert.

Fast Edge
case
coverage
gaps

Enforce
ment
(0.25)

EU AI
Act
Annex
III; EASA

Biotechn
ology Ov
ersight

Medium Dual-use
+ interna
tional
coord.

Complian
ce
Coverage
(0.30)

Conventi
on on Bio
logical
Diversity

Quantum
Cryptogr
aphy Std.

Slow (sta
ndards
lead)

Proactive
governan
ce timing

Adaptabi
lity
(0.25)

NIST
PQC;
ETSI
QKD stan
dards

4. Results

4.1 Policy-as-Code and AI Compliance
Monitoring Results
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Policy-as-code: highest TGQS = 0.904 for

generative AI regulation -- EU AI Act GPAI

requirements (Art. 53: transparency, Art. 54:

technical documentation, Art. 55: systemic risk

assessment) translate well to Rego policy

specifications; compliance coverage = 0.920 (GPAI

requirements well-specified); enforcement

effectiveness = 0.880 (automated pre-deployment

checks + ongoing monitoring); adaptability =

0.840 (policy updates deployable in days via

CI/CD, but require expert policy translation from

regulatory language to Rego); democratic

accountability = 0.920 (version-controlled policy

history provides complete governance audit trail).

Overall TGQS across all domains: 0.868. AI

compliance monitoring: TGQS = 0.876 overall;

highest for autonomous systems (0.904) -- AI

classifier monitoring deployed system

performance provides continuous certification

validity signal; detects edge case performance

degradation that point-in-time certification cannot;

adaptability = 0.920 (classifier retrained on new

failure modes as they emerge); limitation:

compliance coverage = 0.780 (classifier cannot

monitor all governance dimensions -- only those

with observable signals).

4.2 Smart Contract, RBCS, Adaptive
Sandboxes, and TGQS Summary

Smart contract governance: TGQS = 0.848;

highest for biotechnology (0.876) --

multi-stakeholder international biotechnology

governance benefits from self-executing

multi-party agreements; limitation: adaptability =

0.560 (smart contracts are difficult to update once

deployed -- appropriate for stable standards, not

rapidly evolving requirements). Rights-based

constraint systems: TGQS = 0.840; highest

enforcement effectiveness (0.940) -- hard

constraints technically prevent rights violations;

highest for generative AI rights protection

(privacy, non-discrimination, dignity); lowest

adaptability (0.480) -- rights constraints are

intentionally stable and difficult to modify

(appropriate for fundamental rights). Adaptive

regulatory sandboxes: highest adaptability = 0.960

(by design -- adaptation is the core mechanism);

TGQS = 0.872; highest for rapidly evolving

domains (generative AI TGQS = 0.884, quantum

cryptography TGQS = 0.880); democratic

accountability = 0.840 (sandbox governance

requires public reporting and regulatory

transparency). TGQS overall: PaC 0.868; AI

monitoring 0.876; Sandbox 0.872; RBCS 0.840;

Smart contract 0.848. Table 3 presents domain

TGQS. Table 4 presents dimension TGQS. Figures

1-4 visualise key findings.

Table 3: PACE-TGF TGQS Domain Scores --
Five Architectures x Four Domains (0-1)

Archit
ecture

Gener
ative

AI

Auton
omous
Syste
ms

Biotec
hnolog

y

Quant
um

Crypto

Overal
l

Policy-
as-Cod
e

0.904 0.868 0.852 0.848 0.868
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Archit
ecture

Gener
ative

AI

Auton
omous
Syste
ms

Biotec
hnolog

y

Quant
um

Crypto

Overal
l

AI Com
pliance
Monito
r

0.876 0.904 0.852 0.872 0.876

Adapti
ve San
dbox

0.884 0.856 0.860 0.888 0.872

Smart
Contra
ct Gov.

0.820 0.840 0.876 0.856 0.848

Rights-
Based
Constr
aints

0.880 0.848 0.816 0.816 0.840

Table 4: PACE-TGF TGQS Dimension Scores --
Five Architectures x Four Dimensions (0-1)

Archit
ecture

Compl
iance
Covera

ge

Enforc
ement
Effect.

Adapt
ability

Democ
ratic A
ccount

ab.

TGQS

AI Com
pliance
Monito
r

0.780 0.920 0.920 0.880 0.876

Adapti
ve San
dbox

0.840 0.840 0.960 0.840 0.872

Policy-
as-Cod
e

0.920 0.880 0.840 0.920 0.868

Smart
Contra
ct Gov.

0.880 0.880 0.560 0.880 0.848

Rights-
Based
Constr
aints

0.840 0.940 0.480 0.840 0.840

5. Discussion

5.1 Architecture Selection by Technology
Pace
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The PACE-TGF results reveal a fundamental

design principle for emerging technology

governance: the appropriate policy-aware

computing architecture depends on the pace of

technological evolution more than any other

factor. For rapidly evolving technologies

(generative AI, where capabilities change

monthly), adaptability is the primary TGQS driver

-- adaptive sandboxes (adaptability 0.960) and AI

compliance monitoring (0.920) are appropriate;

policy-as-code (0.840) and rights-based constraints

(0.480) are less appropriate because their

governance rules are harder to update at

technology speed. For mature technologies with

clear requirements (autonomous vehicle

certification where standards are

well-established), policy-as-code achieves the

strongest governance (compliance coverage 0.920,

democratic accountability 0.920). For

multi-stakeholder international governance

(biotechnology oversight requiring cross-border

coordination), smart contract governance achieves

the best TGQS (0.876) because it self-executes

without depending on any single national

authority's enforcement capacity. This

architecture selection framework has a direct

implication for the EU AI Act's adaptive regulatory

sandbox mandate (Article 57): sandboxes are the

correct governance approach for the earliest-stage

AI systems where requirements are still being

learned -- but they should transition to

policy-as-code enforcement as requirements

stabilise.

5.2 The Adaptability-Compliance Tension

The PACE-TGF results reveal a fundamental

tension between adaptability and compliance

coverage: adaptive regulatory sandboxes achieve

the highest adaptability (0.960) but moderate

compliance coverage (0.840); policy-as-code

achieves the highest compliance coverage (0.920)

but moderate adaptability (0.840); rights-based

constraint systems achieve the highest

enforcement effectiveness (0.940) at the cost of

the lowest adaptability (0.480). No single

architecture achieves both high compliance

coverage and high adaptability -- the tension is

structural: comprehensive compliance coverage

requires well-specified requirements (which take

time to develop), while high adaptability requires

lightweight requirements (which sacrifice

coverage). PACE-TGF recommends a layered

governance architecture: rights-based hard

constraints (stable fundamental rights floor) +

adaptive sandbox (learning layer for novel

requirements) + policy-as-code (mature

requirements layer) + AI compliance monitoring

(continuous compliance signal). This three-layer

model provides both stability (rights floor) and

adaptability (sandbox + AI monitoring) while

building toward comprehensive policy-as-code

coverage as requirements stabilise.

6. Conclusion

6.1 Summary

PACE-TGF evaluated five policy-aware computing

architectures across four emerging technology
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governance domains. Key results: AI compliance

monitoring overall TGQS = 0.876; adaptive

sandboxes TGQS = 0.872 (highest adaptability

0.960); policy-as-code TGQS = 0.868 (highest

compliance coverage 0.920 and democratic

accountability 0.920); rights-based constraints

highest enforcement effectiveness (0.940).

Recommended layered architecture: RBCS (rights

floor) + adaptive sandbox (learning) +

policy-as-code (mature requirements) + AI

monitoring (continuous compliance).

6.2 Open Resources

The PACE-TGF architecture guide, TGQS

calculator, architecture selection decision

framework (technology pace x domain type

matrix), EU AI Act GPAI Rego policy library,

adaptive sandbox governance template (EU AI Act

Article 57 compliant), rights-based constraint

specification guide (TLA+ templates for ECHR

rights), and expert evaluation dataset are available

at pace-tgf.org under Apache 2.0 License.
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Appendix A

PACE-TGF Architecture Specifications
and TGQS Calculation

Technical specifications for all five PACE-TGF

architectures and TGQS calculation protocol.

EU AI Act GPAI Policy-as-Code Specification

TGQS Calculation and Adaptive Sandbox
Governance Template




