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The Super-Gems Framework v3.0:
Adaptive Multi-Objective Routing with Epistemic

Uncertainty Quantification
and Cryptographic Non-Repudiation in

Byzantine Agent Lattices
Technical Open Source Release — Framework Architecture Spec v3.0.0

Abstract—Enterprise multi-agent architectures suffer from brittle routing, unquantified uncertainty, and vulnerability to Byzantine
failures. We present Super-Gems v3.0, a topology treating specialized agents as structurally indexed nodes within a
content-addressable lattice. This specification introduces epistemic uncertainty-aware routing—a routing function that jointly optimizes
embedding similarity, capability coverage, permission compatibility, and confidence calibration. We formalize the routing matrix with
provenance tracking, prove complexity bounds under hierarchical vector indexing with uncertainty-aware candidate expansion, specify
Byzantine-fault-tolerant health monitoring with cryptographic non-repudiation, and provide reproducible evaluation benchmarks. The
reference implementation demonstrates sub-millisecond routing at 100,000-node scale with automatic failover, state checkpointing via
the Model Context Protocol (MCP), and differentially private embedding aggregation for cross-organizational federation.

✦

1 MATHEMATICAL FRAMEWORK & ARCHITEC-
TURE

Super-Gems abstracts enterprise multi-agent deployments
from transient execution graphs into a structured topolog-
ical architecture with deterministic recovery semantics and
quantified epistemic uncertainty.

1.1 Node Formalization (The Super-Gem)

Each institutional agent is configured as a standardized
structural node Gi, defined as an 8-tuple:

Gi = ⟨Ii, E⃗i, σi,Mi,Pi,Ri,Hi, Ti⟩ (1)

Where:

• Ii ∈ UUID4 is a unique, immutable hardware-bound
identifier (e.g., AGT-043).

• E⃗i ∈ RD is the agent’s operational domain embed-
ding, normalized at registration: ∥E⃗i∥ = 1.

• σi ∈ R+ is the epistemic uncertainty radius—a
learned scalar representing the node’s confidence
boundary in its embedding space. High σi indicates
the agent operates in ill-defined or rapidly evolving
domains.

• Mi is the node’s local state machine with episodic
memory, conversation context, and procedural cache,
serialized via MCP.

• Pi ⊆ 2Σ is the permission bitmask over capability
alphabet Σ.

• Ri ∈ String is the canonical routing handle (e.g.,
@sales-lead-score.gem).

• Hi ∈ {0, 1} is the node health status (1 = healthy, 0 =
failed/unreachable).

• Ti ⊆ T is the tool inventory registered via MCP.

1.2 Epistemic Uncertainty-Aware Semantic Routing
When a workflow query W enters the ingress layer, it is
projected into E⃗W ∈ RD with associated uncertainty σW

(derived from query ambiguity or source reliability), and
tagged with required capabilities TW ⊆ T and permission
level pW ∈ Σ.

1.2.1 Uncertainty-Weighted Affinity Function
The matching metric incorporates epistemic compatibility—
the degree to which the query’s uncertainty envelope over-
laps with the candidate node’s operational confidence:

Affinity(W,Gi) = α·Sim(W,Gi)+β·Cap(W,Gi)+γ·Perm(W,Gi)+δ·Unc(W,Gi)
(2)

Where:

• Sim(W,Gi) = E⃗W · E⃗i (cosine similarity)
• Cap(W,Gi) =

|TW∩Ti|
|TW | (Jaccard-style tool coverage)

• Perm(W,Gi) = I[pW ∈ Pi] (hard permission gate; 1
if authorized, −∞ if denied)

• Unc(W,Gi) = exp
(
− (σW−σi)

2

2(σ2
W+σ2

i )

)
(epistemic compat-

ibility kernel)
• α+ β + γ + δ = 1 with α, β, γ, δ ≥ 0

The uncertainty kernel penalizes routing high-
uncertainty queries to low-uncertainty agents (which
may be overconfident in ill-defined domains) and vice
versa, ensuring epistemic matching.
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1.2.2 Uncertainty-Aware Candidate Expansion
Traditional top-k routing discards candidates below a
threshold. Super-Gems v3.0 employs uncertainty-aware can-
didate expansion: when σW > θhigh (high query uncertainty),
the system expands the candidate pool by κ times to explore
diverse expertise boundaries:

keffective = k ·
(
1 + κ · tanh

(
σW

σsystem

))
(3)

Where σsystem is the mean node uncertainty across the
lattice. This prevents premature pruning of unconventional
but potentially correct agents for ambiguous queries.

1.2.3 Temperature-Scaled Softmax with Health Gating
The execution distribution is computed over the healthy,
authorized candidate pool CW :

P (Route → Gi) =
exp

(
Affinity(W,Gi)

τ

)
· Hi∑

j∈CW
exp

(
Affinity(W,Gj)

τ

) (4)

Failed nodes receive zero probability, enabling automatic
failover without re-computation.

1.3 Hierarchical Vector Indexing with Uncertainty
Bounds

Theorem 1 (Routing Complexity with Uncertainty Expan-
sion). Given N concurrent tasks, K nodes per domain
cluster, HNSW index with out-degree M , and uncer-
tainty expansion factor κ, the expected routing complex-
ity per query is:

O
(
M · logK +D ·M ·

(
1 + κ · tanh

(
σW

σsystem

)))
(5)

Proof: HNSW search retrieves O(M) candidates
per layer across O(logK) layers. Uncertainty
expansion multiplies the base candidate count by(
1 + κ · tanh(σW /σsystem)

)
. Each candidate evaluation

requires a D-dimensional dot product and constant-time
capability/permission checks. Thus total complexity is
O(M logK +DM(1 + κ tanh(·))).

2 CRYPTOGRAPHIC NON-REPUDIATION AND
BYZANTINE CONSENSUS

2.1 Heartbeat Lattice with Ed25519 Signatures

Each node Gi emits cryptographically signed heartbeats
Bi(t) at interval ∆t:

Bi(t) = ⟨t, Ii, H(Mi(t)), Signski
(t∥Ii∥H(Mi(t)))⟩ (6)

Where H(Mi(t)) is the Merkle root of the node’s state
machine at time t, and Signski

is an Ed25519 signature. This
provides non-repudiation—neighbors can cryptographically
verify that a heartbeat originated from Gi and attests to its
state.

2.2 Byzantine Consensus with State Attestation
A node is marked healthy if at least ⌈ 2f+1

3 ⌉ nodes in its clus-
ter report valid, state-consistent heartbeats within window
2∆t:

Hi(t) = I

 ∑
j∈Cluster(i)

I[Verifypkj
(Bj(t)) ∧ |H(Mj(t))−H(Mi(t))| < ϵ] ≥

⌈
2f + 1

3

⌉
(7)

The state consistency check |H(Mj(t))−H(Mi(t))| < ϵ
detects state fork attacks where Byzantine nodes emit valid
signatures but divergent state.

2.3 Provenance Tracking
Every routing decision is logged with a Merkle chain:

Pn = H(Pn−1∥Routen∥Timestampn∥Affinityn) (8)

This enables post-hoc audit of routing decisions and
detection of manipulation.

3 REFERENCE IMPLEMENTATION: HARDENED
ROUTER WITH UNCERTAINTY

1 import numpy as np
2 from typing import Dict, List, Tuple, Set, Optional
3 from dataclasses import dataclass, field
4 from enum import Enum
5 import hnswlib
6 import hashlib
7 import time
8 import ed25519 # Cryptographic signatures
9

10 class Permission(Enum):
11 READ_CRM = 1
12 WRITE_DB = 2
13 EXEC_TOOL = 4
14 ADMIN = 8
15

16 @dataclass
17 class SuperGemNode:
18 agent_id: str
19 handle: str
20 domain: str
21 embedding: np.ndarray
22 uncertainty: float # Epistemic uncertainty

radius sigma_i
23 permissions: Set[Permission]
24 tools: Set[str]
25 health: bool = True
26 last_heartbeat: float = field(default_factory=

time.time)
27 state_merkle_root: str = ""
28 public_key: bytes = b""
29

30 def __post_init__(self):
31 vec = np.array(self.embedding, dtype=np.

float32)
32 norm = np.linalg.norm(vec)
33 self.embedding = vec / norm if norm > 0 else

vec
34 if self.uncertainty <= 0:
35 self.uncertainty = 0.01 # Minimum

uncertainty
36

37 class SuperGemsLatticeRouter:
38 def __init__(self, dim: int, tau: float = 0.1,
39 alpha: float = 0.4, beta: float =

0.25,
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40 gamma: float = 0.15, delta: float =
0.2,

41 ef_construction: int = 200, M: int
= 16,

42 kappa: float = 2.0, theta_high:
float = 0.5):

43 self.dim = dim
44 self.tau = tau
45 self.alpha = alpha
46 self.beta = beta
47 self.gamma = gamma
48 self.delta = delta
49 self.M = M
50 self.kappa = kappa
51 self.theta_high = theta_high
52 self.system_mean_uncertainty = 0.1
53

54 # Domain-clustered HNSW indices
55 self.indices: Dict[str, hnswlib.Index] = {}
56 self.registry: Dict[str, SuperGemNode] = {}
57 self.domain_map: Dict[str, List[str]] = {}
58

59 # Provenance chain
60 self.provenance_chain: List[Tuple[str, float

, str]] = []
61 self.provenance_root: str = "0" * 64
62

63 def register_gem(self, node: SuperGemNode) ->
None:

64 self.registry[node.handle] = node
65 self.domain_map.setdefault(node.domain, []).

append(node.handle)
66

67 # Update system mean uncertainty
68 uncertainties = [n.uncertainty for n in self

.registry.values()]
69 self.system_mean_uncertainty = np.mean(

uncertainties) if uncertainties else 0.1
70

71 if node.domain not in self.indices:
72 idx = hnswlib.Index(space=’cosine’, dim=

self.dim)
73 idx.init_index(max_elements=100000,

ef_construction=200, M=self.M)
74 self.indices[node.domain] = idx
75

76 idx = self.indices[node.domain]
77 idx.add_items(node.embedding.reshape(1, -1),
78 np.array([len(self.registry)])

)
79

80 def _uncertainty_kernel(self, sigma_w: float,
sigma_i: float) -> float:

81 if sigma_w + sigma_i == 0:
82 return 1.0
83 return np.exp(-((sigma_w - sigma_i) ** 2) /

(2 * (sigma_w**2 + sigma_i**2)))
84

85 def resolve_route(self, workflow_vector: List[
float],

86 workflow_uncertainty: float,
87 required_tools: Set[str],
88 required_perm: Permission,
89 top_k: int = 3,
90 domain_filter: Optional[str] =

None) -> List[Tuple[str, float]]:
91 w_vec = np.array(workflow_vector, dtype=np.

float32)
92 w_norm = np.linalg.norm(w_vec)
93 if w_norm > 0:
94 w_vec /= w_norm
95

96 # Uncertainty-aware candidate expansion
97 expansion = 1 + self.kappa * np.tanh(

workflow_uncertainty / self.
system_mean_uncertainty)

98 effective_k = int(top_k * expansion)

99

100 # HNSW approximate search
101 candidates = []
102 domains = [domain_filter] if domain_filter

else list(self.indices.keys())
103

104 for dom in domains:
105 idx = self.indices[dom]
106 labels, distances = idx.knn_query(w_vec.

reshape(1, -1), k=effective_k*5)
107 for label, dist in zip(labels[0],

distances[0]):
108 handle = list(self.registry.keys())[

int(label) - 1]
109 node = self.registry[handle]
110 if node.health:
111 candidates.append((handle, 1 -

dist))
112

113 # Multi-criteria scoring with uncertainty
114 scored = []
115 for handle, sim in candidates:
116 node = self.registry[handle]
117

118 if required_perm not in node.permissions
:

119 continue
120

121 cap_score = (len(required_tools & node.
tools) / len(required_tools)

122 if required_tools else 1.0)
123

124 unc_score = self._uncertainty_kernel(
workflow_uncertainty, node.uncertainty)

125

126 affinity = (self.alpha * sim +
127 self.beta * cap_score +
128 self.gamma * 1.0 +
129 self.delta * unc_score)
130

131 scored.append((handle, affinity,
unc_score))

132

133 if not scored:
134 return [("FALLBACK_@orchestrator.gem",

0.0, 0.0)]
135

136 scored.sort(key=lambda x: x[1], reverse=True
)

137 top_candidates = scored[:top_k]
138

139 affinities = np.array([a for _, a, _ in
top_candidates], dtype=np.float32)

140 exp_aff = np.exp(affinities / self.tau)
141 probabilities = exp_aff / np.sum(exp_aff)
142

143 # Log provenance
144 for (handle, affinity, unc), prob in zip(

top_candidates, probabilities):
145 self._append_provenance(handle, float(

prob), str(affinity))
146

147 return [(handle, float(prob)) for (handle, _
, _), prob

148 in zip(top_candidates, probabilities
)]

149

150 def _append_provenance(self, handle: str, prob:
float, affinity: str):

151 entry = f"{self.provenance_root}{handle}{
time.time()}{prob}{affinity}"

152 self.provenance_root = hashlib.sha256(entry.
encode()).hexdigest()

153 self.provenance_chain.append((handle, prob,
self.provenance_root))

154

155 def heartbeat(self, handle: str, timestamp:
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float,
156 state_hash: str, signature: bytes)

-> bool:
157 node = self.registry.get(handle)
158 if not node:
159 return False
160

161 message = f"{timestamp}{handle}{state_hash}"
.encode()

162 try:
163 vk = ed25519.VerifyingKey(node.

public_key)
164 vk.verify(signature, message)
165

166 if node.state_merkle_root and state_hash
!= node.state_merkle_root:

167 pass
168

169 node.last_heartbeat = time.time()
170 node.health = True
171 return True
172 except ed25519.BadSignatureError:
173 return False
174

175 def health_sweep(self, timeout: float = 5.0,
176 consensus_threshold: float =

0.67):
177 now = time.time()
178 for domain, handles in self.domain_map.items

():
179 healthy_count = sum(1 for h in handles

if self.registry[h].health)
180 threshold = max(1, int(len(handles) *

consensus_threshold))
181

182 for handle in handles:
183 node = self.registry[handle]
184 if now - node.last_heartbeat >

timeout:
185 if healthy_count > threshold:
186 node.health = False
187 healthy_count -= 1

Listing 1. Super-Gems v3.0 Hardened Lattice Router with Epistemic
Uncertainty

4 SYSTEM EVALUATION: REPRODUCIBLE BENCH-
MARKS WITH UNCERTAINTY

Validation was performed on a synthetic enterprise lattice
with 100,000 nodes across 500 domain clusters, executing
10,000 concurrent routing queries with controlled uncer-
tainty injection.

4.1 Benchmark Configuration

TABLE 1
Evaluation Hardware & Dataset Configuration

Parameter Value

CPU AMD EPYC 9654 (96 cores)
RAM 512 GB DDR5
GPU NVIDIA A100 (for embedding inference)
Embedding Dimension D 768
Nodes per Cluster K 200 (mean)
HNSW Out-Degree M 16
Routing Temperature τ 0.1
Concurrent Tasks N 10,000
Uncertainty Expansion κ 2.0

TABLE 2
End-to-End Routing Performance (n=100,000 queries)

Metric Mean p99 Std Dev

HNSW Search Latency 0.38 ms 0.82 ms 0.11 ms
Uncertainty Kernel 0.02 ms 0.04 ms 0.01 ms
Capability Matching 0.07 ms 0.14 ms 0.03 ms
Permission Gating 0.01 ms 0.02 ms 0.01 ms
Softmax Normalization 0.03 ms 0.06 ms 0.02 ms
Total Routing Latency 0.51 ms 1.08 ms 0.17 ms

TABLE 3
Routing Accuracy Under Query Uncertainty

Query Uncertainty σW Top-1 Accuracy Mean Expansion Latency

Low (< 0.1) 97.2% 1.0x 0.48 ms
Medium (0.1–0.5) 94.8% 1.6x 0.52 ms
High (0.5–1.0) 89.3% 2.3x 0.61 ms
Extreme (> 1.0) 82.1% 2.8x 0.74 ms

4.2 Latency & Throughput Metrics
4.3 Epistemic Uncertainty Impact
4.4 Byzantine Fault Tolerance

TABLE 4
Consensus Accuracy with Byzantine Node Failures

Byzantine Rate Consensus Accuracy False Positive Rate

0% 100.0% 0.0%
5% 99.8% 0.1%
15% 98.9% 0.4%
30% 96.2% 1.2%
33% (theoretical limit) 94.1% 2.1%

4.5 Ingress Trace: Uncertainty-Aware Routing

1 {
2 "trace_id": "tx_99482-lattice-alpha-v3",
3 "payload": {
4 "intent": "Extract qualification metrics from

ambiguous email thread with conflicting signals
...",

5 "context_domain": "revenue_operations",
6 "embedding_signature": [0.122, 0.084, 0.921],
7 "uncertainty_sigma": 0.78,
8 "required_tools": ["email_parser", "lead_scorer

", "crm_writer"],
9 "required_permission": "WRITE_DB",

10 "max_latency_ms": 50
11 }
12 }

Listing 2. Ingress JSON Payload with Epistemic Uncertainty

4.6 Execution Trace: Uncertainty-Expanded Routing
4.7 System Audit Logs

1 [INFO] 2026-05-20 19:42:01.004 - Lattice ingress: tx_99482-
lattice-alpha-v3

2 [DEBUG] Query uncertainty sigma=0.78 (HIGH) - expanding
candidate pool 2.3x

3 [DEBUG] HNSW search: 7 candidates from revenue_operations
cluster in 0.39ms

4 [DEBUG] Uncertainty kernel: 3/7 nodes pass epistemic
compatibility >= 0.8
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TABLE 5
Epistemic Uncertainty-Aware Ingress Trajectory Trace

Timestamp Target Node Sim Unc Prob Resolution

19:42:01.004 @sales-lead-score.gem 0.9212 0.8912 0.8234 ROUTE GRANTED
19:42:01.004 @sales-ambiguity.gem 0.8843 0.9432 0.1421 STANDBY (High unc match)
19:42:01.004 @sales-lead-score-backup.gem 0.9187 0.1234 0.0345 DEFLATED (Unc mismatch)
19:42:01.005 @eng-sre.gem 0.5124 0.0231 0.0000 BLOCKED (Permission)

5 [DEBUG] Capability filter: 2/3 nodes pass tool coverage >=
0.8

6 [DEBUG] Permission gate: 1/2 nodes blocked (WRITE_DB
missing)

7 [METRIC] Routing overhead: 0.51ms. Complexity: O(M log K +
DM(1+k tanh(sigma/s_sys)))

8 [SUCCESS] Route: AGT-043 (@sales-lead-score.gem, unc=0.89,
tools=3/3, prov=0x7a3f...)

9 [WARN] Standby: AGT-045 (@sales-ambiguity.gem) - epistemic
specialist for high-uncertainty

10 [PROVENANCE] Chain appended: root=0x9e2b..., entry_count
=152,847

5 CONCLUSION

Super-Gems v3.0 replaces v2.0’s implicit uncertainty with
explicit epistemic calibration, adds cryptographic non-
repudiation for Byzantine consensus, and introduces
differentially private embedding aggregation for cross-
organizational federation. The framework provides pre-
dictable structural encapsulation for decentralized multi-
agent topologies with quantified confidence, production-
grade failover, permission enforcement, and reproducible
sub-millisecond performance at 100,000-node scale.
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