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Abstract

This paper presents a complete evaluation within a declared finite algebraic registry and typed exclusions for a
long-context Transformer superblock. The registry distinguishes dedicated, universal time-shared, split-specialist,
hybrid, memory-centric, and vertical realization classes under explicit state, traffic, execution, ownership, and
technology contracts. Exact tensor-work equations, executed-pair policies, semantic bridge obligations, state
aggregation laws, aligned-layout assignment, conserved timing, package-energy coordinates, integer allocation
enumeration, technology phases, and context sensitivity are derived within that model. Standard, advanced 2.5D,
and vertical technology contracts select different registered classes. A controlled follow-on retention experiment
demonstrates decision-class-aware retention against winner-only and initial two-point Pareto reference policies,
while compact routed 2.5D/3D models carry one semantic ownership boundary into physical timing, shoreline,
area, temperature, test, yield, and reliability proxies. Exact decimal values identify the registered algebraic
model; physical calibration and broader architecture coverage remain separate evidence questions.

Companion to A Communication Theory of Computation Realization (v3.2.0), DOI 10.5281/zenodo.22048090. This
manuscript develops the declared long-context Transformer realization registry and technology-conditioned case study of the

canonical theory.
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1 Introduction

A Transformer superblock is often decomposed into kernels and optimized stage by stage. Physical realization
couples those stages through state capacity, resource sharing, ownership, layout, package service, and execution
timing. A locally preferred attention mode and a locally preferred feed-forward mode can be jointly infeasible;
a universal engine can restore feasibility by sharing state across time; split specialists can restore overlap while
activating a mandatory ownership bridge; and a new package capability can reverse the preferred architecture.

This paper constructs the complete computation-realization geometry of one long-context grouped-query-
attention superblock under a finite registered model. The computation contract fixes GQA tensor work, executed-
pair policy, precision, terminal ownership, and typed exclusions. The resource contract fixes usable state, compute
and HBM service, package accounting, legal reconfiguration, architecture classes, mode coordinates, and allocation
rules. Six classes and all positive integer split allocations are enumerated.

The derivation proceeds from exact component laws. Static and time-shared state use different aggregators.
Disjoint ownership creates a two-way hidden state bridge. Layout conversion is a maximum-weight assignment
problem. Conserved timing prevents stages from receiving the same resource twice. Finite semialgebraic phase
theory preserves tied bottlenecks and witnesses. The resulting technology ledger selects a universal time-shared class
under the standard package, a heterogeneous split class under the advanced package, and a vertically specialized
class under the vertical capability.

The case then tests retention and physical consequence. A reference compiler-graph pipeline emits the CRG
objects; post-commit shifts compare winner-only, Pareto, and observation-matched retention; compact routed 2.5D
and 3D realizations price the same semantic boundary in latency, shoreline, area, thermal behavior, test access,
yield, and reliability. The study is therefore an end-to-end certificate of nonseparability: computation, realization,
and technology must be solved as one declared object.

2 Relation to accelerator and Transformer co-design

Distributed deep-learning systems already co-optimize operator partitioning, parallelism, mapping, and communica-
tion. GSPMD and Alpa construct distributed execution plans for computation graphs [1, 2]; Timeloop, MAESTRO,
ZigZag, and CoSA search accelerator mappings, memory hierarchies, and schedules [3, 4, 5, 6]; Gemini jointly
explores chiplet architecture and mapping [7]. CRG adds an explicit legal-realization contract and a retention
theorem to this design space. The question is not only which registered candidate wins, but which alternatives
must remain represented when the technology ledger changes.

Attention research demonstrates the same nonseparability at kernel scale. FlashAttention exchanges recomputa-
tion and local work for reduced HBM traffic and state [8]. Collective-aware accelerator designs such as FlatAttention
alter dataflow and fabric service jointly [9]. The present study treats these as typed realization coordinates rather
than portable scalar speedups. Their benefits are composed with state capacity, MLP realization, ownership
conversion, package bandwidth, and execution policy in one finite ledger.

Chiplet and heterogeneous-integration research increasingly treats package boundaries as architectural variables.
UCle defines interoperable die-to-die capability classes [10, 11]; Gemini, MLDSE, and Mozart expand multi-level
and chiplet design-space representations [7, 12, 13]. The CRG case study contributes a complete algebraic contract
for one superblock, an exact enumeration of its registered classes and allocations, phase walls across technology
scenarios, and a follow-on physical bridge that carries the same semantic ownership boundary into compact routed
2.5D and 3D models.

The resulting contribution is an end-to-end certificate rather than a new attention kernel. It proves how
stagewise feasibility, reconfigurable state reuse, specialization, layout conversion, semantic bridge traffic, shared
package service, and technology capability jointly determine the preferred registered realization.

Performance and accelerator co-design lineage. Roofline provides the canonical fixed-kernel compute—

bandwidth balance [25]; Stream and Simba provide neighboring layer-fused and multi-chip-module accelerator
systems [26, 27]. CRG retains these as conditioned projections or realizations inside a prior legal-realization object.

3 CRG decision preliminaries

The case study uses three general CRG results. The first gives finite technology-phase strata, the second gives
exact argmin-hitting retention, and the third distinguishes static state provisioning from sequential state reuse and
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solves aligned ownership conversion. They are restated with proofs so the case study is self-contained.

Definition 3.1 (Finite semialgebraic architecture registry). Let © C RP be a semialgebraic technology domain. A
finite registry consists of architecture classes a € A and finite witness sets W,. A witness w € W, records every
discrete realization, allocation, layout, and schedule choice. Its feasibility is described by finitely many polynomial
or rational inequalities whose denominators have fized sign on ©; its cost is assembled from rational functions by
finitely many min and max operations. Infeasible witnesses have cost +o0o. Put

C.(0) = wnelli/lrfla Cuu (), A(0) = {a : Co(0) = rnbin Cy(0) < —|—oo} .

If every registered class is infeasible, A(0) = @.

Theorem 3.2 (Finite technology-phase stratification). Fvery registry satisfying Theorem 3.1 admits a finite
partition of © into connected, relatively open semialgebraic sign cells, with relative openness taken in each cell’s
supporting stratum. On every cell the following complete set-valued labels are constant:
(i) feasible classes and witnesses;

(ii) every active rational branch and bottleneck set, including ties;

(i) the optimal witness set within every class; and

(iv) the globally winning architecture set A(6).
FEvery label change lies on a feasibility wall, branch or bottleneck exchange, witness exchange, architecture tie, or
boundary of ©.

Proof. Clear denominators on regions where their signs are fixed. Collect the finite family of feasibility polynomials,
branch-comparison polynomials, within-class and cross-class cost differences, and defining polynomials of ©. A
sign-invariant semialgebraic cell decomposition exists for this finite family [18]; refine each stratum into connected
cells. Every comparison then has one constant sign in —,0,+. Retaining the zero sign preserves complete tied
branch, bottleneck, witness, and architecture sets instead of inserting a hidden tie-break. The listed labels are
consequently constant, and they can change only when a defining sign or domain stratum changes. O

Corollary 3.3 (Certified full-label phase radius). Let & contain every cleared feasibility polynomial, branch
difference, within-class witness difference, and cross-class difference used in Theorem 5.2. Suppose by € O, every
p € & is nonzero at Oy, and p is L,-Lipschitz on B(0y,r0) N ©. Then the complete phase label is unchanged

throughout B(6g,r) N © whenever
0
r < 1min< rg, min L( o)l ,
pEP:L,>0 Ly
where the inner minimum is 400 if every L, = 0.

Proof. For |0 — 0y|2 < |p(6o)|/Ly, the Lipschitz inequality prevents p from reaching zero, so every defining sign
is preserved. Intersecting with © also covers a point on the admissible-domain boundary. The radius controls
losing-class witness exchanges and presently infeasible witnesses as well as the global winner. O

A one-axis distance to a tie wall is therefore only a directional diagnostic; it is not the full-label radius unless
every defining sign and the geometry of © have been included.

3.1 Certified inner and outer descriptions

Definition 3.4 (Certified outer relaxation). For each hierarchy let
Adm,(T) C{(P,¢) : P € R%.(T), ¢ € Emb.(P,T)}
be the exact admissible pairs. A lower-bounding relaxation consists of a superset
Adm?™(T) 2 {(o7(P), ¢) : (P, ¢) € Adm-(T)}

and an optimistic objective satisfying
(07 (P), ¢) < @, (P, 9)

for every exact admissible pair.
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Theorem 3.5 (Certified sandwich and safe pruning). Let Zc be a finite set of actual legal realization—embedding
pairs. Then

]LBT < OPT’(F) < UB,,

where
LB, = inf inf OO (2, ¢), UB,= min &,.(P ¢).
T ehih g BT (29) o, PP 0)
A candidate class may be discarded whenever its scope-matched certified lower bound is strictly larger than the
constructive incumbent.

Proof. Every exact admissible pair maps into the relaxed set with no larger relaxed cost, so the relaxed infimum is
a lower bound. Every member of .Z¢ is an exact feasible design, so its best evaluated cost is an upper bound. A
class whose lower bound exceeds that incumbent cannot contain an in-scope optimizer. O

The scope check is part of the proof obligation. Computation, candidate class, objective and units, hierarchy,
resource contract, technology contract, assumptions, and validity domain must match the decision being made.
Any dependency change invalidates the affected certificate and reopens the corresponding branch. The retained
object is the bracket and its dependency ledger, not merely the lowest evaluated point.

3.2 Lossless retention for a technology domain

Theorem 3.6 (Argmin-hitting retention). Let P be a finite registered realization set and let © be any technology
domain on which every technology has a finite attained optimum. Define

My = argmin Cy(P).
pPeP

A retained family o7 C P preserves the optimum at every technology in © if and only if

‘%ﬂ/\/lg#ﬁ foreveryﬁe@.‘

A singleton is lossless exactly when (ycq Mo # 9.

Proof. At one technology, the retained and full minima agree exactly when a retained realization attains the full
minimum. Quantifying this equivalence over © proves both statements. O

This is the exact statistic for a named technology domain. It is weaker than universal preservation for all
continuous monotone objectives, which requires preserving the complete upper obligation region, and weaker than
preservation for every additive nonnegative price, which requires preserving its convex upper body.

3.3 Cross-stage state and layout laws

The end-to-end application joins attention and an MLP. Two general facts prevent isolated stage optima from being
multiplied together without a joint resource check.

Theorem 3.7 (Static provisioning and time-shared state). Let two isolated modes require usable state ma and mp
on a chiplet with budget M.
(i) A static fused realization with dedicated simultaneously instantiated engines is infeasible when m +mp > M.
(i) A sequential universal realization that reuses one state pool is state-feasible when max(ma,mp) < M.
The two statements belong to different realization contracts; time sharing must expose any efficiency cost rather
than treating reconfiguration as free.

Proof. Dedicated state occupies disjoint capacity and adds. State used in disjoint time intervals occupies the
maximum. An embedding cannot transform one resource aggregator into the other without changing the realization.
O

For layout conversion, let Kcnip, = CT = C'T’ chiplets implement aligned two-dimensional layouts over a

. L Keni Keni
normalized activation tensor. Let S;;_" and T} j:“{‘p be the equal-area source and target rectangles. Each tensor

element has one source and one target owner; chiplet relabeling is free and bijective. Compression, recomputation,
replication, coding, cached duplicates, unequal-capacity placement, routed congestion, latency, and energy are
outside this conversion contract.
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Exact assignment-based layout movement, P=12
Nonnested factors expose the limit of the closed form

1.0

0.8

0.6

o
D
Moved fraction

Source sequence partitions C

0.2

0.0

1 2 3 4 6 12
Target sequence partitions C’
* nonnested: maximum-weight assignment required

Figure 1: The Kchip = 12 nonnested example separates the general assignment law from the nested closed form.

Theorem 3.8 (Exact aligned-layout assignment). After optimal chiplet relabeling, the exact retained and minimum
moved fractions are

Kenip
r(C.C) = L2R ; 1SN ey, w*(C,C") =1—17(C,C").
IfC|C" orC"|C, then
. sy min(C,C") . / min(C, ')
S e Al & - B
(e max(C,C")’ WG max(C,C")

For nonnested factors the closed form need not hold.

Proof. Under a relabeling 7, chiplet i retains exactly |\S; N Ty (;|, so maximizing retention is a maximum-weight
perfect assignment. Retain every selected intersection and move only each target remainder from its unique source
owner; this realizes movement equal to one minus retained measure. Conversely, every element outside the retained
intersections must change owner.

For the nested case C' = kC, each nonempty intersection has area at most 1/(kK), so total retention is at
most 1/k. The intersection graph is k-regular and bipartite, hence has a perfect matching attaining 1/k. The case
C > (' is symmetric. O

At Kepip = 12,C = 4,C" = 6, the exact retained fraction is 1/2, not 2/3, which shows why nesting is load
bearing. Auto-sharding systems already price resharding; the result here is the exact optimal-relabeling law under
its declared ownership contract [2, 1].

These component certificates now supply the end-to-end case with scoped converses, constructive stage modes,
state aggregators, and an exact ownership conversion law. The remaining question is which joint realization wins
once all resources and package obligations are conserved simultaneously.
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Part 1
End-to-end certificate

4 Certified nonseparable co-design of a long-context Transformer su-
perblock

The component certificates become decision-relevant only after dataflow, state, chiplet ownership, memory allocation,
execution semantics, and package service are registered jointly. The case study considers one exact residual superblock

Y =X+ GQA(X), Z =Y + SwiGLU(Y), (4.1)
for batch-one prefill. The conditional question is:

Given a declared workload-execution contract, a finite architecture registry, and a technology ledger,
which registered class minimizes the declared steady-state initiation interval?

The answer is exhaustive for the declared finite algebraic model. The model contains the registered architec-
ture classes, execution policies, resource aggregators, ownership obligations, integer allocations, and technology
coordinates needed to derive the class decision and its phase structure.

4.1 Workload and execution contract

The primary instance uses hidden dimension d = 4096, feed-forward width dg = 14336, h = 32 query heads, hxy = 8
key /value heads, two-byte BF16/FP16 elements, and contexts through N = 131,072 [14, 15]. A multiply-add counts
as two FLOPs. If Myec(N) is the number of query—key pairs actually executed, the registered tensor-matmul work
is

Fu(N) = (4 + 4hKh") Nd? + 4dMexee(N), (4.2)
Fr(N) = 6Nddg. (4.3)

The projection coefficient is five for the declared GQA ratio, not the MHA coefficient eight.
The three executable pair policies are

N2, dense-padded causal execution,
Mexee(N) = S N(N +1)/2, ideal causal-pair execution, (4.4)
B?m(m+1)/2, m=[N/B], block-rounded causal execution.

The named default uses B = 128 and executes complete square tiles on and below the block-causal diagonal,
including final-tile padding.

At N = 16,384, the semantic causal count is 134,225,920, the executed block-rounded count is 135,266,304,
attention tensor work is 3.590593 TFLOP, and MLP tensor work is 5.772436 TFLOP. The equality F4 = Fr at
N = 4d holds for these dimensions under dense-padded execution; it is not invariant to execution policy.

Softmax, RoPE, RMSNorm, residual additions, SwiGLU elementwise work, launch and control, synchronization,
ECC, and unmodeled utilization losses are typed exclusions. They are not silently absorbed into Equations (4.2)
and (4.3). Every timing claim is therefore scoped to the named tensor-work model.

One hidden-state tensor occupies

A(N) = NdbClCnl, bclcm = 2 bytes.

If attention and MLP have disjoint single-owner regions, steady-state alternation moves one state to the MLP and
one back to the next attention stage:

|Q5(N) > 2Ndbeien. (4.5)

At N =16,384, A =128 MiB and Qg = 256 MiB. Placement can price this obligation but cannot erase it while
disjoint ownership remains part of the contract.
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4.2 Evidence-tiered technology contract

The declared system has Kcpip, = 32 compute chiplets, eight HBM placements, 8 TB/s effective aggregate HBM
bandwidth, and 32 MiB usable fast state per planar fused chiplet. “Usable” is after declared software, fragmentation,
and reliability derating; a witness exactly on a capacity wall has zero capacity margin.

The default dense BF16 tensor-work coordinate is 5 PFLOP/s. The corresponding 10-PFLOP /s public headline
is a structured-sparse coordinate; it appears only in explicitly named sparse-peak sensitivity rows [16]. Peak is
a ceiling, not delivered kernel throughput. The 8-TB/s HBM coordinate is a declared derating of public HBM
capability rather than a specification for a shipping package [17].

Table 1: Declared package coordinates. Payload and energy are model coordinates anchored to public capability classes,
not guarantees.

Technology Payload Link energy Evidence status

Standard declared cluster 64 GB/s  0.50 pJ/bit public-rate anchor
Advanced 32-GT/s cluster 256 GB/s  0.25 pJ/bit  declared sensitivity
Advanced 64-GT/s cluster 512 GB/s  0.25 pJ/bit rate anchor; energy proxy
Vertical two-tier 4TB/s 0.05 pJ/bit declared capability study

UCle supplies the public rate and 3D capability classes used as anchors [11]; the model does not infer aggregate
payload, latency, or energy directly from raw lane rate. In the default shared aggregate contract, internal attention
traffic, internal MLP traffic, and Equation (4.5) share one package-payload budget. A named sensitivity charges
internal collectives to separate local fabrics and only the bridge to the package. The distinction is encoded in the
contract name

1llama31-gqa-block-rounded-causal128-dense-bf16-shared-package-aggregate-vi.

4.3 Finite architecture and mode registry

Each registered realization retains the typed signature

U(P) = (Eom Mfast» QHBM; kag7 Rcoll; Dcausala Elink7 TH; T’lata H7 77)

Capacity, traffic, bandwidth, latency, and reconfigurability remain distinct coordinates. The six architecture classes
are:
H: static spatial fused.
Dedicated attention and MLP engines coexist; the stage bridge is local, but nonshareable state adds.
U: universal time-shared fused.
One reconfigurable fabric executes the stages sequentially, reuses one state pool, and pays universal attention
efficiency ny.
S: heterogeneous split.
Attention and MLP own disjoint compute and HBM pools and overlap in steady state; their internal traffic
and semantic bridge consume the declared package resources.
X: dual-mode hybrid.
Split hardware also supports a universal fallback and selects the better legal U/S parent with a declared
two-percent whole-path capability tax. At zero tax it ties, but cannot beat, the parent envelope without a new
schedule.
M: memory-centric attention.
Attention uses a declared near-HBM, lower-compute-density capability; the MLP remains compute dense.
V: vertically specialized.
Two active tiers use twice the planar compute density, reduced internal traffic, and the declared vertical fabric.
Attention has an 8-MiB Flash-local mode and a 28-MiB collective-aware mode. The latter imports FlatAttention’s
0.893 utilization, 4.1x relative speed, and 16x HBM-traffic comparison as a portability hypothesis from a different
MHA many-PE architecture [9]. The MLP has an 8-MiB low-replication mode and a 24-MiB ¢ = 4 communication-
avoiding mode. These are registered, target-specific mode coordinates within the declared realization contract.
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The base prefill traffic ledger is

h
WA - (2 + 21f<lv> dzbclcm, WF - deﬁ'bclcmv
© _ 1w, +44(), » =W +BA(N),
DO —24(N), DY = 24(N). (4.6)

The effective HBM and local-fabric bandwidth scales are 8 and 4 TB/s.

Table 2: Base stage-mode coordinates. Multipliers apply to Equation (4.6).

Mode State n Q/Q® D/D©®  Peak scale
Attention Flash-local 8 MiB  0.893/4.1 16 1 1
Attention Flat-collective 28 MiB 0.893 1 0.5 1
MLP 2D-low-replication 8 MiB 0.85 1 1 1
MLP 2.5D-c4 24 MiB 0.85 0.5 0.5 1

H enumerates mode pairs whose state sum is at most 32 MiB. U enumerates pairs whose state maximum is at
most 32 MiB and substitutes ny = 0.80 for universal collective-aware attention. Thus Theorem 3.7 gives

28424 =052>32,  max(28,24) = 28 < 32.

The high—high pair is illegal in H but legal in U; U’s competitiveness is governed by its efficiency, not by a false
sum of sequential state.
S fixes the collective-aware attention and ¢ = 4 MLP modes and enumerates all positive integer partitions

(ka,kr) =(1,31),...,(31,1), (ha,hp)=(1,7),...,(7,1).
There are 31 x 7 = 217 witnesses. X applies

min(Ty, Ts)

XT 12002

M fixes compute/HBM partitions 8/24 and 5/3 with a declared near-HBM attention mode. V uses the full
217-witness enumeration with twofold peak scale, half HBM traffic, one-tenth internal traffic, and the vertical
package row.

When two stage modes use different aligned layouts, the exact represented-byte movement is the assignment
value in Theorem 3.8; its nested closed form is used only when the partition factors are actually nested. The
split class additionally carries the two-way bridge in Equation (4.5). No placement or relabeling is credited with
eliminating bytes that the ownership contract requires to move.

4.4 Conserved timing and energy

For stage j € {4, F'}, let F},Q;,D; denote tensor work, HBM bytes, and internal-fabric bytes. With compute
share o;, HBM share §;, utilization 7;, peak Cpix, HBM bandwidth Bupwm, and local fabric By, define

$Cmp Ej IBM _ Qj fab _ &
! a;Cpxnj” ! B Bum I By

U reuses full resources sequentially:
Ty = max(t§"P, tHBM 1Py 4 max (¢53P, HBM gfaby,

H is likewise registered with a sequential full-resource schedule. A hypothetical continuously overlapped stream
cannot give both stages the full capacity: for full-resource demands a.., f,., conservation gives

ar fr
min max § —, = max(a, + fr). A7
yee(@1) T {% 1— %} ax(ar + fr) (4.7)
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Table 3: Default-contract class optima at N = 16,384, in milliseconds. X includes its two-percent tax.

Scenario H U S X M V  Winner / full gap
Standard 64 GB/s 4.655293  2.255868  8.388608  2.301907  15.319862 — U /0.046038
Advanced 512 GB/s 4.655293 2.255868 2.173152 2.217502 15.319862 - S/ 0.044350
Vertical 4 TB/s 4.655293  2.255868 2.173152 2.217502 15.319862 1.086576 V / 1.086576

Default-contract class certificates at N=16,384
GQA - block-causal 128 - 5-PF dense - shared aggregate package

standard package advanced package vertical package
k

=
o

15320 16 15:320 16 15:320

winner V
.087 ms

nonhybrid gap nonhybrid gap

-
'S
1

14 A

-
N
1

12 A 12 A

10 A 10 A 104

Initiation interval (ms)
©
)

Initiation interval (ms)
o

Initiation interval (ms)
©

2.256 2.173 2.218 2.256 2173 2218

Figure 2: Strict registered-class decisions. Thin X gaps are the declared hybrid tax; U/S parent gaps are reported separately.

Indeed each resource requires at least a, + f,, and choosing v, = a,/(a, + f,) attains that resource’s bound. A
continuous envelope is not promoted to a class witness without a common legal integer schedule.
For each S witness under shared-package accounting,

HBM DA+DF+QB} (4.8)

o cmp JHBM jcmp
Ts =max ty ,tax L tp tp
Bpkg

Under separate-local-fabric accounting, the final term is @ g/Bpkg and D4, Dy are charged to their divided local-
fabric pools. The reported S value is the exact minimum over all 217 integer witnesses. Initiation interval is not
conflated with split pipeline-fill latency, which is reported separately. Package link energy is the typed coordinate

Epre = 8Qpketnit;

this is the package-link energy coordinate; full-system energy is represented by additional signature coordinates.

Model precision and physical fidelity. Exact decimal values below identify the registered algebraic model and
support reproducibility. The declared auxiliary-kernel exclusions can shift wall locations by amounts comparable to
the printed margins. In adversarial costing, the U/S class ordering remained stable while the efficiency wall moved
from about 0.881 into roughly 0.847—0.872. Prose therefore reports wall locations to about three significant figures;
exact machine values remain in the released records.

4.5 Strict registered decisions and phase walls

The standard package selects U at 2.255868 ms. The advanced package selects S at 2.173152 ms, and the vertical
capability selects V at 1.086576 ms. The advanced S witness has unique compute split 12/20; all 7 positive HBM
partitions tie in initiation interval, with 1/7 used only as a deterministic representative. The semantic bridge takes
0.524288 ms at 512 GB/s. Under shared-package accounting, internal traffic plus the bridge totals 512 MiB per
interval and 1.073742 mJ at 0.25 pJ/bit. The separately reported fill latency is 4.841878 ms.

At the advanced point, the U/S efficiency wall is

5 = 0.881200. (4.9)

The declared ny = 0.80 is only 0.081200 below that wall. Holding other coordinates fixed, the U/S package-payload
wall is 237.988577 GB/s. These unlike coordinate distances are reported separately. They are directional diagnostics,
not the full-label Euclidean certificate of Theorem 3.3.
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Universal-specialized phase map at N=16,384 FlatAttention portability sensitivity at N=16,384 and 512 GB/s
GQA - block-causal 128 - 5-PF dense - shared aggregate package Slice at Flash HBM multiplier = 16
f
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(a) Package—efficiency phase. (b) Imported-mode portability.

Figure 3: The advanced S point is strict but boundary-proximal.

The FlatAttention portability grid has 210 combinations: seven specialized utilizations, six speed ratios, and five
Flash HBM multipliers. U wins 120 and S wins 90. The imported 0.893,4.1x, 16X point is a registered portability
coordinate; the declared GQA realization determines its target-specific value.

The declared finite registry meets Theorem 3.1: every mode and integer allocation is finite, and its timing laws
are rational terms joined by finite minima and maxima. The winner, active bottleneck, and optimal witness sets
are therefore piecewise constant on the semialgebraic phase cells of Theorem 3.2.

4.6 Context scaling and twelve-contract sensitivity

The tensor-work profile has the form
Rbtock(N) = 4dMeyee(N) + [(4 + 4hKTV> d? + 6ddff} N.

For a smooth dense-padded specialization aN? 4+ BN, its local exponent is

2aN? + BN
N =
Poc(N) = TN 3N

which moves from one toward two. The bridge is an exponent-one mode. Its fraction decreases asymptotically, but
its finite-scale affordability depends on package bandwidth, fast-state feasibility, and coefficients; exponents alone
do not select the class.

Under the default contract U is strictly faster for 1 < N < 131,072. In the exhaustive integer enumeration
through 1,048,576, S is no slower on

[198,913,198,926] and [199,041,1,048,576].

U retakes the lead on [198,927,199,040], so “sustained” refers only to the finite evaluated range and makes no claim
beyond it.

The U/S/V reversal at N = 16,384 holds in every evaluated row, but exact walls do not: n;; spans 0.85
to 0.8812004, and standard-package dominance transitions move inside or beyond the declared domain. Every
block-causal row has two S-no-slower intervals because tile rounding makes the predicate nonmonotone on the finite
range. The machine-readable result records retain every interval rather than reporting only one crossover.

For the three primary technology scenarios, the strict argmin classes are U, S, and V. Their intersection is
empty, so Theorem 3.6 rules out every lossless singleton across that ledger. The family {U,S,V} hits every argmin
set and has zero class-level regret. X is not an argmin in a primary row at its declared tax; at zero tax it can hit
U/S but not V. This is the exact retained-family result for the declared three-scenario technology ledger.
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Table 4: Twelve-contract U/S sensitivity. The peak is either 5-PF dense or 10-PF structured-sparse sensitivity. A dagger
marks an event outside the declared 128K domain.

Executed pairs / peak Package accounting ny Earliest ~ Sustained
Dense padded / 5 PF shared aggregate 0.850000 99,641 99,641
Dense padded / 5 PF separate local 0.850000 37,141 37,141
Dense padded / 10 PF shared aggregate 0.850000 224,641% 224,641%
Dense padded / 10 PF separate local 0.850000 99,641 99,641
Ideal causal / 5 PF shared aggregate 0.877017 199,281} 199,281t
Ideal causal / 5 PF separate local 0.877017 74,281 74,281
Ideal causal / 10 PF shared aggregate 0.877017  449,281% 449,281}
Ideal causal / 10 PF separate local 0.877017 199,281t 199,281t
Block causal-128 / 5 PF shared aggregate (default)  0.881200 198,913} 199,041}
Block causal-128 / 5 PF separate local 0.881200 73,985 74,113
Block causal-128 / 10 PF shared aggregate 0.881200 449,025} 449,1537
Block causal-128 / 10 PF separate local 0.881200 198,913} 199,041%

Context-package phase under the named default contract
U is strictly faster than S inside the declared 128K domain

~®— U universal fused

—#- S standard package
—A— S advanced package
—&- V vertical

Sustained standard-package dominance is contract dependent
Dense BF16 peak; sustained means through the 1,048,576-token enumeration limit
199.3 199.0

200 ~-- declared 128K limit

10 4 1754

150 4

125{

=
S
3

10° 4

Initiation interval (ms)

o N
3 &

~
&

First sustained S=U point (thousand tokens)

)

T T T T T T T
211 212 213 214 215 216 217

block ded
Context length N ock rounde

separate

ideal
separate

ideal
shared

dense padded
shared

dense padded block rounded
separate shared

(a) Default context/package phase. (b) Contract-sensitive transition.

Figure 4: The default has no standard-package S overtake inside 128K; gray events are finite outside-domain diagnostics.

4.7 Evidence ledger and falsification conditions

Table 5: Claim—evidence separation for the end-to-end certificate.

Class

Contents

Exact identities
Imported evidence
Declared coordinates
Constructive witnesses
Derived certificates

Unresolved calibration

GQA tensor work; pair policies; semantic bridge; layout assignment; state sum/max; conserved
resources; complete integer enumeration

Public model dimensions and context; FlashAttention I/O analysis; FlatAttention MHA ratios;
UCle, HBM, and accelerator specifications

Usable fast state; delivered utilization; aggregate package payload and energy; universal
efficiency; vertical capability; hybrid tax

Registered schedules, allocations, initiation intervals, fill latency, package traffic, and link
energy

Winners, margins, phase walls, portability sweep, context intervals, and finite-ledger retention
result

Executed kernel trace; achieved GQA efficiency; fabric topology; auxiliary work; routed
area/timing/power; thermal, yield, and cost

All technology coordinates are public, synthetic, or explicitly declared; each is identified by its evidence class and
source contract. The primary certificate is withdrawn, weakened, or reclassified if:

o a kernel trace selects a different execution policy and the matching sensitivity changes the winner;
the declared GQA target reaches the structured-sparse peak, or fails to approach the dense-mode efficiencies,
without updating the contract;

internal collective traffic and the bridge do not share the declared aggregate package resource;
target measurements invalidate imported attention state, utilization, speed, or traffic coordinates;
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« credible derating crosses the U/S wall or a fast-state feasibility wall;

e an omitted legal class or genuinely new hybrid schedule beats the registered envelope; or

o the objective changes from steady-state initiation interval to latency, energy, area, cost, thermal behavior, or
another quantity that selects a different class.

The executable model reproduces the workload equations, mode and technology ledgers, all 217 S and V
allocations, twelve-contract sweep, complete context intervals, assignment oracle, portability grid, tables, and
figures. Unit tests check arithmetic identities, conservation, phase decisions, and artifact integrity. These checks
establish reproducibility of the complete finite model and bind each reported decision to its equations, registry,
witness enumeration, and artifact record.

The case closes the manuscript’s design chain. Stagewise-optimal modes can be jointly infeasible; time sharing
restores state feasibility at an explicit efficiency price; splitting restores specialization while activating a semantic
bridge; and technology changes which legal realization wins. A downstream optimizer can improve the embedding
of a committed graph, but it cannot recover a realization that upstream commitment removed.

5 Reference implementation, retention, and physical realization

The finite Transformer certificate is carried into an executable computation-realization chain. A PyTorch FX
symbolic trace of the exact microblock emits a computation contract, resource contract, six legal realization classes,
typed obligations, three scoped outer bounds, and nine technology/objective decision certificates. The emitted
records instantiate

(F,p,T) — Pret = Rret — technology-conditioned decisions.

A controlled post-commit experiment compares four retention policies over the same six-realization family.
Winner-only and initial-PPA Pareto policies miss

Experimental construction and interpretation. The experiment uses a declared six-realization family and a
registered ledger of post-commit technology and objective shifts. The CRG declared-ledger set is constructed to
intersect the argmin sets of that ledger. The comparison therefore demonstrates decision-class-aware retention
against winner-only and an initial two-point Pareto projection of equal cardinality; it is not a comparison with
every robust or production design-space-exploration policy.

shifted winners in 58.0% and 57.6% of 250 randomized price and objective changes, with mean relative regrets of
7.018% and 6.965%. A two-realization CRG declared ledger misses 0.4%, with mean regret 0.021%; a five-realization
universal-monotone family misses none. The comparison is especially informative because the declared ledger
and the initial Pareto policy retain the same number of candidates. Their difference is the decision information
preserved by those candidates.

A named advanced-2.5D change produces 12.678% regret for the winner-only and initial-Pareto policies before
regeneration and zero regret for the CRG policies. A separate capability experiment introduces a vertical realization
that was absent from the initial legal family. The old family incurs 31.484% regret before reopening; adding the
newly legal class and re-evaluating the geometry restores zero regret. The two experiments give an operational
distinction between repricing and reopening.

A deterministic physical bridge then carries one semantic stage-ownership boundary into side-by-side 2.5D and
face-to-face 3D package models. The vertical model reduces bridge latency from approximately 2002 ns to 257 ns,
shoreline from 3.658 mm to 1.467 mm, and package area from 1444 to 1122mm?. The system-critical link remains
essentially unchanged because HBM service is still the active bottleneck. Maximum temperature and test /reliability
coordinates move in the opposite direction. The physical result therefore exposes a new active face of the joint
geometry rather than converting one local improvement into an automatic system conclusion.

6 Conclusion

The long-context superblock provides a complete finite demonstration of nonseparable computation-to-technology
design. Stagewise-optimal modes can be jointly state-infeasible. Sequential reuse restores feasibility with an explicit
efficiency cost. Split specialization restores overlap while activating a mandatory ownership bridge. Physical
technology then changes which legal realization is selected.

Under the primary ledger, the standard package selects the universal realization, the advanced package selects
the heterogeneous split realization, and the vertical capability selects the vertically specialized realization. Their
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Retention breadth determines Post-change decision coverage
The experiment uses the same six-class registry for all policies across 250 randomiZ€d post-commit shifts.
Policy Retained Winner-miss rate Mean regret
I Winner-only DSE 1 58.0% 7.018%
Pareto DSE 2 6.965%
I CRG declared-ledger 2 0.4% 0.021%
I CRG universal monotone 5 0.0% 0.000%

[ Key result: the two-realization CRG declared ledger cuts shifted-winner misses from about 58% to 0.4% while retaining}o more designs than the initial Pareto baseline.

Figure 5: Controlled post-commit retention test on the same finite realization family. Two families of equal cardinality
preserve sharply different future decisions.

strict argmin intersection is empty, so no singleton preserves every primary decision. Phase walls, context intervals,
package accounting, and portability sweeps expose the conditions that move the result.

The follow-on reference chain connects the certificate to infrastructure. A PyTorch FX graph generates contracts,
legal transformations, realization classes, typed obligations, outer bounds, and decisions. Observation-matched
retention preserves later winners that winner-only and initial-Pareto policies discard in the controlled experiment.
Routed 2.5D and 3D compact models show how the same semantic boundary changes bridge latency, shoreline,
area, thermal behavior, test access, and reliability while HBM remains the active system bottleneck.

The case establishes the practical meaning of computation-realization geometry: the durable design object is
the legal realization family, its joint obligations, and the evidence by which technology selects one member.
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