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Abstract

A live basket monitor may recalculate thousands of values whenever prices change. The arithmetic is usually cheap; repeatedly
finding, joining, serializing, and copying the same current inputs often dominates the cost. When every reader rebuilds that state for
itself, a simple vector calculation inherits database latency, extra allocation, and inconsistent observation boundaries. Slice gives local
processes a typed, memory-mapped view of current, entity-aligned values. Hypercube evaluates one coherent input generation through
a declared node graph and produces cross-sectional outputs that can be published back as aligned slices. The public repository includes
the format, readers and writers, calculation engine, deterministic synthetic sources, and live browser and terminal demonstrations.
The current implementation also reuses compiled graph plans and publication buffers, distinguishes mapped visibility from durable
flush, and supplies fixed-capacity online moments for explicit state owners. A reproducible benchmark suite tests those choices. A
separate leakage-controlled experiment compares rolling-z event selection with calibrated point, robust, quantile, and triple-barrier
tree models under stationary and regime-switching controls. This paper explains that implemented path and its limits. The current
version publishes slices independently and provides no atomic multi-slice generation; vendor feeds, durable persistence, arbitrary
function cells, replication, GPU lowering, and trading actions remain outside the current release. Although the examples use markets,
the API also works for any stable set of entities.

Contents 14 Runtime inputs and outputs
15 Calculation nodes
I Motivation 2
16 Cross-sectional algebra
1 Fr ts to li lytical stat 2
om events to fve analytical state 17 Resident state and incremental work
2 Design goals 2 18 Hot state, persistence, and transport
3 Related work and scope 3
V  Composable Cells
II Memory and Cube Model 4 19 From values to functions
4 Stable entity layout 4 20 Function classes
5 Slice as a published vector 4 21 ETF and index example
21.1 Runnable ETF monitor . . . .. ... ... .. ...
6 The logical hypercube 4 21.2 Runnable pairs monitor . . . . . ... ... .....
7 Time, observation, and publication 4 22 Noise-aware statistical-arbitrage selection study
23 From analysis to controlled execution
IIT Consistency and Publication 5
8 What “nonlocking read” means 5 VI Implementation and Evidence
9 Point-state protocol 5 24 Current implementation

10 Vector protocol 5 25 Scale model and reproducible baseline

26 Design-pattern audit and measured performance

11 Consistency classes 5
27 Conf test
12 Published immutable generations 5 onformance tests
28 Limits
13 Sharding and progress 6
29 Open-source research sequence
IV  Hypercube Execution 7 30 Conclusion

© © ®

11

12
12
12
12
13
13
13

14


mailto:research@strategynet.ai

strategynet.ai:Hypercube

Part I
Motivation

1 From events to live analytical state

Markets arrive as events, but many decisions are functions of state.
A quote event changes the best bid and offer for one instrument;
the next consumer usually wants the latest midpoint, spread, re-
turn, risk exposure, or cross-sectional rank. If every consumer in-
dependently rebuilds that state from an event stream, the system
duplicates joins, symbol resolution, window maintenance, and nor-
malization. If every calculation first queries a durable database,
the database becomes part of the latency and availability path even
when the working set is only a few megabytes of current vectors.
The distinction concerns time and purpose:
e an event log answers what happened and in what order;
e a durable analytical store answers historical and ad hoc ques-
tions;
e a live state plane answers what the current published values
are;
e an execution graph answers how declared outputs follow from
those values.
These are complementary responsibilities. Slice is the live state
plane. The hypercube is the logical coordinate system and calcula-
tion graph. A database remains the recovery, research, and audit
path; a transport remains the mechanism for moving events or pub-
lished generations between machines.

A current analytical value should be cheap to read be-
cause its identity, layout, type, generation, and prove-
nance were established when it was published—not re-
discovered by every reader.

The architecture is motivated by repeated whole-population
work. Given entity-aligned weights w, returns r, signals s, and
betas 8, common calculations are

Rp=w'r, Es=w's, Eg=w'p, G = |Jw|.

The arithmetic is elementary. Most accidental complexity lies in
obtaining vectors that refer to the same entities, units, observation
cutoff, and generation. The system therefore records alignment and
publication semantics as first-class metadata.

2 Design goals

The present architecture has six goals:

1. maintain latest source and derived state in fixed-layout,
memory-mapped vectors;

2. permit many local processes to perform point reads and vector
scans without taking a shared reader mutex;

3. reject linear algebra across incompatible entity layouts or value
schemas;

4. run the same node graph in live, replay, and batch modes with
a fixed calculation and mode-specific updates;

5. publish node identity, observation timestamps, coverage, and
local compute diagnostics beside values;

6. leave room for typed, composable function cells without allow-
ing calculation code to inherit trading authority.

The first implementation is intentionally narrow. It is little-
endian, uses fixed-size pointer-free payloads, and assumes one writer
with many readers per slice. Those constraints make the shared ABI
explicit enough for Rust today and C++ or Python readers later. A
richer type system, distributed replication, global multi-slice genera-
tions, and effectful actions require explicit extensions to the current
file format.
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3 Related work and scope

Memory mapping is the operating-system foundation. POSIX
specifies a mapping between a process address space and a file or
shared-memory object and defines shared mappings through which
writes change the underlying object [1]. Slice adds an application
ABI, identity, layout, and consistency protocol to that primitive. It
does not assume that mapping a file alone makes concurrent access
coherent.

Columnar memory systems establish the advantages of contigu-
ous, typed buffers. Apache Arrow defines a language-independent
columnar representation designed for sequential scans, constant-
time random access, vectorization, and relocatable zero-copy
shared-memory access [2]. Slice shares those physical motivations
but serves a narrower purpose: mutable current-state vectors with
stable entity slots and explicit writer epochs. Arrow remains the
interoperability format and ecosystem.

Array database work treats multidimensional arrays as first-
class data and avoids encoding every analytical object as a relation.
SciDB, for example, was designed for complex analytics over array-
shaped scientific data [3]. The hypercube developed here is closer

to a resident execution and publication model than a general ar-
ray DBMS. Dimensions describe aligned live slices and calculation
identities; durable historical queries remain outside the hot path.

The numerical interface follows a long tradition of separating
stable vector and matrix operations from their machine-specific im-
plementations. The original BLAS specification included dot prod-
ucts, vector operations, norms, and related kernels [4]. Slice does
not define a new numerical algebra. It makes aligned live vectors
safe to hand to such an algebra and leaves room for optimized CPU,
SIMD, or GPU kernels behind the same logical operation.

For change propagation, adaptive functional programming and
differential dataflow show how explicit dependencies allow a system
to update only affected results [8, 9]. Those systems are broader
and more formal than the current hypercube engine. They nev-
ertheless supply the right design model for future function cells: a
declared dependency graph, logical time, deterministic propagation,
and controlled state are preferable to hidden callbacks attached to
mutable memory.
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Part 11
Memory and Cube Model

4 Stable entity layout

Let a layout be Slots do not move within a layout. New entities consume unused

L= (\a,n,Uu1), slots; removed entities are disabled or tombstoned. Reordering or
compaction creates a new layout. The serialized layout is hashed,
and every dependent slice carries that hash. A dot product is re-
jected unless its inputs agree on layout hash, schema, and active
length.

This separation matters because a domain registry and a numeri-
cal layout have different rates of change. Venue, currency, multiplier,
expiry, strike, and other rich metadata can live in keyed sidecars or
services. The layout keeps only the identity and stable dense index
entity key — stable entity id — slot id — S([slot id]. required by the shared vectors.

where A is a layout identity, a is a normalized namespace (retained
as asset_class in version-1 JSON), n is allocated capacity, U is the
enabled entity set, and ¢ : U — {0,...,n — 1} is an injective slot
mapping. A symbol is a normalized lookup key; instrument_id is
the legacy field name for the stable namespaced entity identity, and
the slot is the dense numerical address.

5 Slice as a published vector
For a value field f and a published generation g, a primitive slice is a partial vector
Sfyg U — Vf U {L},

where V; is a fixed physical type and L denotes missing or invalid state. Dense analytical slices usually use V; = R; point-state slices use
fixed records such as quote, trade, or quote-at-trade. Validity is explicit in every record, leaving zero with its ordinary numerical meaning.
The version-one file begins with a 256-byte header:

Header group Fields Purpose

format magic, version, header length, value type, slot size reject unknown physical representations
shape capacity, active length, layout hash, schema hash establish vector compatibility
publication writer epoch, created and updated timestamps detect stable reads and identify data age
operations writer flags and heartbeat distinguish liveness from value change

The current value types are dense f64 and fixed quote, trade, and TAQ records. All shared records are fixed-size, pointer-free, naturally
aligned, and compatible with a C layout. A schema hash identifies the payload meaning, while a layout hash identifies the entity ordering.
Neither substitutes for the other.

6 The logical hypercube
A collection of slices forms a logical cube even when no monolithic multidimensional allocation exists. For one generation,
Xglu, f1 = Sg,gle(u)].

The implemented engine names four axes directly: generation, entity, primitive field, and calculated node. Applications may add asset
class, venue, factor, family, horizon, universe, scenario, portfolio, or model version:

X[g»uvf:h,U,S,...},

Only a sparse subset of this space is materialized. A slice is dense along the entity axis with the other coordinates fixed. A catalog maps
a semantic name such as signal to the file, layout, type, and role that materialize one such slice.

Layout Input rows Hypercube Published slices
entity <> slot named primitive fields field and linear nodes one per selected node

A

Generation
mode and ob-
servation time

Figure 1: Physical slices are aligned one-dimensional slices. Layout and generation metadata give the collection its hypercube meaning.

This formulation avoids two extremes. It does not flatten all meaning into an untyped matrix, and it does not allocate every possible
combination of dimensions. The catalog and calculation registry describe a sparse set of materialized slices; consumers request only the
axes and generations required for their operation.

7 Time, observation, and publication
Financial decisions require more temporal detail than “latest.” A cell may carry:
T(C) = (teventy tingest: tcomput87 tpublish: g)

Event time states when the source says the observation occurred. Ingest time states when the local system received it. Compute and
publish time bound the derived value’s latency. Generation g states which coherent calculation the value belongs to.
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The current quote and trade records retain source and ingest timestamps. TAQ records preserve the quote known locally when a trade
was processed, together with quote age and flags for missing, stale, or temporally inverted context. Hypercube CellValue records node,
entity key, finite value, and the oldest contributing observation time. NodeStatus records emitted and missing counts plus local compute
time. Snapshot time, slice updated time, and writer heartbeat remain distinct. An application may build a freshness service level with a
testable predicate:

fresh(c,tq) <= status(c) = ok A0 < tg — tpublish (€) < Amax A tcompute < Cmax-

Part III
Consistency and Publication

8 What “nonlocking read” means An update to AAPL therefore does not make a reader of MSFT
retry. This is the appropriate granularity for independently chang-
The desired property is precise: a reader of an already mapped ing latest-state records.
slice should not acquire a process-shared mutex or wait for a writer- The point snapshot of an entire struct slice guarantees coherence
owned critical section. This reader-lockless design permits retries for each cell independently. Consumers that need every slot at the
and therefore offers no formal wait-free guarantee. An optimistic same market instant require a generation-level snapshot protocol.
reader may have to retry, and under a continuous writer it may fail
to obtain a stable version within its retry budget.

Sequence counters are a standard form of this tradeoff. The
Linux documentation describes lockless readers that accept data
only when an even sequence value is unchanged across the read; it
also notes that readers can spin while a writer is interrupted and
that raw counters do not serialize multiple writers [5]. The current
format consequently assumes one writer per slice and bounds reader
retries.

10 Vector protocol

Dense f64 slices use one epoch for the vector. A writer makes the
epoch odd, updates one or many cells, and publishes the next even
epoch. A reader loads eq, scans or copies the vector, and loads eq;
it accepts when

eo=e;1 A e;mod2=0.

9 Point-state protocol Dot products validate both input epochs before and after the oper-
ation. Layout, schema, and active-length checks precede the arith-

Quote, trade, and TAQ slices use one sequence counter per slot. For metic.

slot 4, the writer performs This protocol gives a coherent view of one slice without a reader

T mutex. Its scope is limited:

¢ <= 2k + 1 publication in progress, e a busy writer may force a reader to retry;

S[i] v copy fixed payload, e separate slices have separate epochs, so sequentially stable

q; < 2k + 2 publication complete. copies may still belong to different logical input generations;

The reader loads qg, rejects an odd value, copies the payload, and e one writer must own publication for a slice;

loads ¢1. It accepts only if e memory-order behavior must be validated on every supported

architecture and foreign-language reader implementation.
g =q AN g mod2=0.

11 Consistency classes

Different data uses should pay for different consistency:

Class Example Read guarantee Failure behavior

cell-latest quote display, health probe one slot, per-cell sequence retry or report unavailable

vector-stable exposure, rank, dot product one slice, stable even epoch bounded retry

generation-coherent ETF value or another multi- named immutable multi-slice genera- reject mixed generation
field decision tion

decision-grade order or rebalance input coherent generation plus freshness, au-  fail closed; no action

thority, and risk checks

The table prevents a common design error: imposing a global lock on all state because a small subset of decisions require a global
snapshot. Latest quote display can tolerate independently published slots. A cross-sectional rank needs one stable vector. An ETF
fair-value calculation may need constituent prices, currencies, holdings, and shares outstanding from one declared generation. A trade
requires that coherence plus policy and authority.

12 Published immutable generations

The next publication mechanism is a small multi-version protocol. A writer builds generation g + 1 in inactive buffers while readers
continue to use g. After every slice passes shape, schema, and completeness checks, the writer publishes one compact manifest:

Mg+1 = (g+ 1=t7>\7{(f7 efvhf)}vH)v

where ey and h; are the final epoch and content identity of each slice and H authenticates the manifest. Publication changes a single
active-generation reference. A reader pins M, reads only the referenced immutable buffers, and verifies that the active generation did
not change before accepting the result.

This is a read-copy-publish design related to multiversion and RCU techniques. RCU separates removal from reclamation so readers
can traverse an existing version without acquiring a conventional lock [6]; snapshot isolation likewise gives a transaction a named database
version [7]. The slice implementation still needs its own lifecycle rules:

e a generation is immutable after publication;

e buffer reuse waits until no reader can reference the old generation;

e a slow reader is bounded or copied out so it cannot retain generations indefinitely;
e publication uses atomic rename or an aligned atomic generation word;

e crash recovery selects the last complete manifest, never half-written vectors.
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No immutable multi-slice manifest or reader-pinning protocol is implemented in version 1. Consumers that need a coherent decision
across several nodes should use the in-process Snapshot; general multi-slice publication remains an explicit extension and must not be
inferred from independent slice epochs.

——————— new readers pin g + 1 TTe-l L
eneration -7 . Validate RS B
e 9 4 Tead Build g + 1 ~.  Publish
immutable, .- . X shape, schema, S~ X K
- inactive buffers covaEe one eneration marker

reader-yjsible

Figure 2: Copy-publish generations keep readers on immutable state while the next coherent set of slices is assembled.

13 Sharding and progress

Double buffering every vector is attractive when the working set is small. For larger or faster-changing cubes, the publication unit can
be a shard: entity range, field group, asset class, or semantic family. A generation manifest then references a vector of immutable shard
versions. Copy-on-write touches only changed shards while the manifest preserves a coherent global view.

Progress measurements should include writer duration, epoch changes per second, reader retries, snapshot failures, generation publish
latency, oldest pinned generation, and reclaimed bytes. If retry tails grow under ingestion load, the system can use smaller shards, longer
immutable generations, a copied snapshot, or a stale-but-declared generation according to the consumer’s consistency class.
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Part IV
Hypercube Execution

14 Runtime inputs and outputs

The current Rust engine receives
Ug = (97 t7m7 R7 N)7

where g is a strictly increasing generation, ¢ is its Unix-millisecond observation time, m is the execution mode, R contains keyed InputRow
values and named primitive fields, and N is the complete NodeSpec graph. It emits

Hg = (g’ t: m,n, V7 Q)7

where n is the entity count, V' contains ordered CellValue records, and @ contains ordered NodeStatus diagnostics.

The modes are Live, Replay, and Batch. All three use the same calculation implementation, with the mode recorded as context.
Replay supplies its own clock and rows while preserving node semantics. The engine rejects a generation that does not advance beyond
the last successful update.

15 Calculation nodes

The implemented engine has two node kinds and five cross-sectional transforms:

Node Input and operation Output

Field one named primitive field from every entity row aligned raw values before the selected transform

Linear required or optional upstream nodes and declared  weighted value per entity, optionally normalized by
weights available absolute weight

Identity, ZScore, Rank, Percentile, and RankZScore

The engine derives execution order topologically and returns values in declaration order. Duplicate rows or nodes, empty identifiers,
duplicate inputs, non-finite weights, cycles, and unknown required dependencies fail the update. A missing required value suppresses that
entity’s linear output; an optional dependency may be absent.

16 Cross-sectional algebra

For node j and entity ¢, let ;; be a raw current value. The engine can publish raw values, ordinary z-scores, ranks, percentiles, or rank

z-scores. A simple linear composite is
Djea; WiTij
=N 2= - ),
ZjeAi |w;|

where A; is the set of available dependencies for entity ¢ and A is the declared output transform. The denominator is used only when
normalize_weights is true; otherwise the raw weighted sum is transformed. A zero available denominator emits no value.

17 Resident state and incremental work

The engine retains the last successfully completed generation as a monotonicity guard and one compiled plan for the most recent node
declaration. Every accepted update still supplies complete rows and node specifications and recalculates every value. When the declaration
is unchanged, validation has already produced indexed dependency edges and a topological order, so later generations do not rediscover
the same schedule. The public graph_compilations() counter makes topology churn observable.

This reuses the compiled configuration; every generation still recalculates its values. The pure graph has no built-in price histories,
session accumulators, alias registries, or implicit window state. The separate RollingMoments primitive gives a simulator or explicitly
stateful callback a preallocated circular window with online mean and variance. Its checkpoint and replay schema remain the responsibility
of that state owner.

The natural extension is change-directed evaluation:

AXg — {¢:deps(¢) NAXy # @} — AYj.
In a future incremental engine, only nodes whose dependency cones intersect changed cells would need to run. Logical generation and

event time must remain part of the cache key; otherwise a fast cache can quietly return a value computed from the wrong observation
cutoff.

18 Hot state, persistence, and transport

Caller or injector HypercubeEngine Snapshot . Outputs
; slices, HTTP/SSE,
complete update validate and evaluate values and status

or terminal

Figure 3: The implemented public path. Vendor feeds, durable persistence, replication, and production gateways are outside the
repository.

SlicePublisher writes one configured f64 slice per selected node and publishes layout.json and catalog.json. Projection reuses
one vector per node, caches entity slots, and scans snapshot cells once. Mapped-memory visibility, asynchronous flush, and synchronous
durability are explicit policies. The compatibility publish() method remains durable; the synthetic live view deliberately selects visibility.
Those slices are independently coherent under every policy; the in-process Snapshot is the coherent whole-generation object. The synthetic
server also serves a dependency-free browser dashboard, a JSON snapshot, and an SSE stream. The etf and pairs examples run separate
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top-like terminal monitors over basket premiums and cointegrating residuals. These paths make the architecture inspectable without
external services.

The version-1 file ABI and Rust readers form a public local API. The example server supplies no authentication, entitlement, backpres-
sure, or production reconnect guarantees. Vendor feeds, durable stores, host-to-host transport, and a governed gateway require separate
adapters and policies; none is hidden in the public engine.

Part V
Composable Cells

19 From values to functions
The current cube materializes primitive values and runs a fixed set of node types. The general cell model is
¢ = (T70—77r7 V)?

where 7 is a value type, o is shape and dimension metadata, 7 is provenance and publication state, and v is either a materialized value
or a typed expression.

For a function cell,

cj = @;(Ciyse5Ciy305),

the registry stores the function identity and version, typed inputs, parameters 6;, output shape, missing-data policy, and permitted state.
The dependency graph is explicit. Acyclic pure expressions can be topologically evaluated; windowed or recursive expressions require
declared state and logical-time semantics.

Composability comes from retaining the same cell schema at each stage. A quote midpoint can feed a return; returns can feed factors;
factors can feed a portfolio or index; the resulting discrepancy can feed a decision rule. Each output remains addressable, versioned, and
independently inspectable.

20 Function classes

Not every function should have the same authority:

Class Examples Guarantee

pure scalar/vector midpoint, return, dot product, deterministic for a generation; no hidden I/O
normalization

stateful analytic VWAP, rolling covariance, session  declared state, clock, retention, reset, and replay semantics
range

model inference learned score, volatility estimate versioned artifact, features, calibration, and resource limits

decision threshold, rebalance proposal, produces an intent and explanation; no execution authority

hedge intent
effect adapter send order, alert, persist, publish explicit capability, idempotency, audit, timeout, and failure policy

The distinction between a decision and an effect is structural. A function cell may calculate that a discrepancy exceeds a threshold. It
should not silently turn a read of that cell into an order. Effect adapters consume published decision intents only after checking generation,
freshness, entitlement, position limits, market state, and a unique action key.

21 ETF and index example

Consider an ETF e with constituent quantities ge;, local prices p;(t), currency conversion rates z;(t), cash and accrued value Ce(t),
liabilities Le(t), and shares outstanding Ne(¢). A simplified computed value per share is

. Ce(t) — Le(t) + 32, qeipi (t)zi(t)

V(1) = N .

An index uses analogous constituent arithmetic with its declared weights, corporate-action rules, and divisor. The observed ETF midpoint
me(t) gives a discrepancy

— o) — bps gy — 1t Me(t) = Ve(t)
So(t) = me(t) — Vo(t),  6PP5(1) = 10 AT

In the cube, each input is an aligned slice or a declared keyed join:

P, = constituent price vector,
X4 = currency conversion vector,

Qe,g = holdings vector,
Ve,g = ¢nav(Pga ng Qe,g7 Ce,g7 Le,g7 Ne,g)a
5e,g = ¢delta(me,g7 Ve,g)-

The calculation is accepted only when price, FX, holdings, cash, liabilities, and share count satisfy their observation and generation
policies. Holdings from last night’s file may be valid with an explicit as-of time; a stale FX rate may not be. The cell graph makes those
choices visible.
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21.1 Runnable ETF monitor

The checked-in etf example implements a compact version of the basket calculation. It creates stable synthetic constituents and long-only
baskets whose weights sum to one. For ETF j, it forms a basket return and advances fair value along the constituent axis:

N
NAV _ o 1 NAV
Tig *E WjiTi,g, Vig = Vig—1(L+7;5").
=1

The simulated ETF price is Pj g = Vj 4(1 + u; 4), where the fractional premium follows
Uj g = PUj g1+ 0N g, ¢ = 0.88, o = 0.00040.
The terminal reports premium in basis points and against the stationary model standard deviation:

Pj 4 —V; o
g = 104720~ T30 3,9

Zjg = —————.
Vi P a1 92

Hypercube publishes ETF-aligned fair values, prices, premiums, model z-scores, and cross-sectional premium ranks. This keeps the two

axes explicit: basket arithmetic reduces a constituent vector to one ETF value; a Hypercube node produces another aligned ETF vector.

21.2 Runnable pairs monitor

The pairs example gives each pair a stable identity and two price paths. Leg B carries a stochastic trend, while leg A shares it through
hedge ratio 3;. Their cointegrating residual is

Yj,g =10g Aj g — a; — Bjlog Bjg, Yig = PiYsg—1 + 0iMjg-
The monitor standardizes the current residual against the preceding W = 20 residuals. If W; g = {y;j g—w,...,¥j,g—1}, then
_ 1 Yi.0 — Ui log(1/2)
Uie = D2 W e = = 5 " Tlogg,
uEW; 4 \/W ZuGWj’g (u - yj,g) g Pj

Scoring occurs before y; , enters the circular window, so an observation does not estimate its own center and scale. Until the prior window
has nonzero variance the display emits a neutral zero. Hypercube publishes current prices, this rolling residual score, model half-life, and
a cross-sectional rank of absolute residual size. The table shows the largest live dislocations and the sign-implied hedged position. Fixed
aj, Bj, and ¢; keep the example readable; out-of-sample estimation, stationarity tests, structural breaks, costs, borrow, and exposure
controls remain outside it.

constituent prices observed market value

computed ET-

FX conversion .
F/index value

delta and diagnostics %— -{ bounded trade intent %- -P{ authorized executor

holdings / divisor

Figure 4: The calculation is already vector-shaped. Solid edges show current slice behavior; dashed edges show proposed decision and
effect stages.

The same pattern supports baskets, hedges, factor-mimicking portfolios, risk decompositions, and observed-versus-model residuals.
The significant abstraction is the ability to compose versioned values and functions while preserving a coherent generation and keeping
effects explicit and separate.

22 Noise-aware statistical-arbitrage selection study

The runnable pairs monitor forms its signal by comparing the current residual with the preceding 20 observations. Our research harness
begins with that same signal and the same mean-reversion trade direction, then gives a fitted model one job: rank the candidate trades
and decide which ones are worth taking. By defining the economic trade before the model sees it, we can compare every model with the
rolling z-score policy while holding the strategy constant. Any improvement then reflects candidate selection.

For candidate time ¢, let

yt — p(We) .
2= ——m—, st = —sign(zt), ze] > 1,
(W) G0 1=

where Wi = {yt+—20,...,yt—1}. At future offset h, normalized gross return is

Yt+h — Yt

gt(h) = st ————
(h) o(Wr)

The triple-barrier target uses profit barrier b4 = 0.75, stop barrier b = 1.00, vertical horizon H = 12, and normalized round-trip cost

¢ = 0.08. Define
7+ =inf{h € [1,H] : g¢(h) > b4}, 7— =inf{h € [1,H] : gt (h) < —b_}.

When a barrier remains untouched, its first-touch time falls beyond the trading horizon. The profit barrier therefore produces class +1,
the stop barrier produces class —1, and a trade that reaches the end of the horizon produces class zero. Using the same exit, we also
retain the realized return as a continuous target:

r¢ = g¢(min(74,7—, H)) —c.
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The three labels make triple barrier a natural classification problem, although the label records only which exit occurred. The continuous
target preserves the size of any overshoot and the variable return earned when time expires, giving the regression models economic
information that the classifier cannot recover from the class label alone [17].

The study moves forward through five consecutive periods so that every modeling choice is made before the final results are observed:

fit — validation — predictive calibration — policy selection — untouched test.

The fitting period estimates the trees, while the following validation period determines how many boosting iterations to use. A third
period then corrects systematic bias in point forecasts, quantile coverage, or class probabilities. Once those corrections have been fixed,
the policy-selection period chooses the lowest score at which the strategy will accept a trade, and the final test period measures that
completed policy.

‘We leave 12 observations between each period, matching the longest possible trade. This gives every candidate opened in one period
enough time to finish before data from the next period are used, which keeps its eventual outcome from leaking into a later modeling
decision. The simulation also waits for an open position in a pair to close before considering another trade in that pair.

We compare Light GBM and CatBoost using ordinary squared-error, Huber, quantile, and multiclass objectives [18, 19]. Ordinary
regression aims at the conditional mean return, whereas Huber loss gradually changes from a quadratic penalty near zero to a linear
penalty in the tails, reducing the influence of an extreme outcome [20]. Quantile regression describes several points in the conditional
return distribution and retains information beyond its mean [21|. For ¢ € {0.2,0.5,0.8}, we measure the coverage error during the
calibration period and apply the following fixed correction to later forecasts:

Ag = Quantileq(r - éq(z)), @q(af) = @q(f’f) + Ag.

After applying this correction, we sort the three forecasts for each event so that the 20th percentile cannot exceed the median or the 80th
percentile. We then rank events with a score that discounts the median whenever the lower tail is wide:

uQ = Qo.s — 025(@0.5 - 60.2).

Requiring the corrected 20th percentile to exceed zero would reject almost every event in the reference test because stop outcomes account
for more than one fifth of the distribution. The score above still responds to lower-tail risk and lets the strategy compare candidates
despite the high rate of stop outcomes.

Class weighting helps the three-way models learn the less frequent outcomes, but it also means that their raw scores should not be read
directly as probabilities. We therefore fit an independent one-versus-rest sigmoid calibrator [22], then convert the calibrated probabilities
into expected net return:

uc(z)= >, P =k|a)r,
ke{—1,0,+1}

Here 7, is the average realized return for class k, measured in the same calibration period. On the reference seed, the 20th, 50th, and 80th
percentile forecasts cover approximately 0.18-0.20, 0.47-0.49, and 0.79-0.80 of the later test outcomes, while the expected calibration
error for the profit class is about 0.03. Those diagnostics show that the forecasts have sensible probabilistic meaning; trading performance
still depends on whether they rank the economically attractive events ahead of the rest.

We test the models in two synthetic settings. The first is a homogeneous Gaussian Ornstein—Uhlenbeck process, where the rolling score
already captures the useful structure and a more flexible model has little reason to improve on it. The second moves among observable
volatility and persistence conditions, with stressed periods adding unit-variance Student-¢(4) shocks. The models observe a noisy volatility
measure but never receive the underlying regime itself. Every reported result combines two expanding-window evaluations over 20 pairs
and 3,300 observations, and we repeat the complete experiment with five deterministically derived seeds.

Scenario and policy Mean trade t Delta  Seed wins Total-net delta
stationary OU, rolling z 12.666 — — —
stationary OU, closest ML (LightGBM quantile) 12.648 -0.018 2/5 -91.283
regime stress, rolling z 6.626 — — —
regime stress, CatBoost Huber 7.290 —+0.664 5/5 +48.176
regime stress, Light GBM Huber 7.181 +0.555 5/5 +32.926

Hypercube stat-arb robustness — each dot is an independent deterministic seed

Stationary Ou Regime Switching
34
[ ] [ ]

trade-return t-statistic minus rolling-z baseline
o®
|:
trade-return t-statistic minus rolling-z baseline
[ ]

lightgbm catboost lightgbm catboost lightgbm catboost  lightgbm catboost lightgbm catboost lightgbm ~ catboost lightgbm catboost lightgbm  catboost
point point huber huber quantile quantile barrier barrier point point huber huber quantile quantile barrier barrier

Figure 5: Difference from the rolling-z trade-return t-statistic for five complete deterministic seeds; black segments mark means. The

statistic is descriptive over normalized net trade returns. Annualized Sharpe and a dependence-corrected significance test require
separate estimates.

10
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In the stationary setting, the simple rolling policy remains marginally better on average. When volatility, persistence, and tail behavior
change over time, both Huber models improve on it in all five runs, with CatBoost producing the largest average gain. This result shows
that the harness can detect useful conditional structure in a setting where we deliberately put such structure into the data; a claim about
market profitability would require the same frozen protocol to survive a study of real, survivorship-controlled prices. Such a study would
estimate hedge parameters inside each historical fold and include bid/ask execution, borrow, asynchronous-leg risk, portfolio constraints,
and clustered or block-bootstrap uncertainty. For now, the fitted models live in the optional Python research workflow, while the Rust
runtime continues to run the rolling statistical monitor.

23 From analysis to controlled execution
A future trading adapter should accept an immutable intent:
I = (g, strategy, instrument, ¢, limit, expiry, evidence, k),

where k is an idempotency key. Before submission it must verify:
1. generation g is decision-grade and within its freshness budget;

. the calculation, model, and policy versions are approved;

. the account has authority for the instrument and action;

. position, notional, liquidity, price, and loss limits pass;

. the market is in an allowed session and no kill switch is active;

S Ut W N

. action key k has not already been consumed.

The executor records acknowledgement, rejection, fill, and cancellation events back into the evidence path. These events may become
new cube inputs, but the dependency must not create an unbounded accidental feedback loop. Stateful control policies need explicit cycle
semantics, rate limits, and termination conditions.

11
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Part VI
Implementation and Evidence

24 Current implementation

The repository contains two principal Rust crates:

Component Implemented responsibilities Present limits

hypercube-slice layout and catalog validation; versioned headers; little-endian; one writer per slice; local file-backed
f64, quote, trade, and TAQ mappings; point and  mappings
vector readers/writers; stable snapshots, sums, dot
products, and bounded top-absolute selection

hypercube-engine generation-checked updates; field and linear complete in-process rows per update; no vendor
nodes; five cross-sectional transforms; reusable adapter, persistence, general function cells, or pro-
graph plans; deterministic snapshots and status; duction web service
fixed-capacity rolling moments; buffered output
SlicePublisher with explicit durability; generic
and OU market injectors; HT'TP/SSE plus etf and
pairs terminal demonstrations

The slice crate supplies fixed quote, trade, and TAQ record schemas; callers handle live-feed ingestion and retain responsibility for
record meaning and provenance. Callers provide the engine with ordinary in-process rows; direct input-slice reads are outside the current
adapter. Its publisher projects selected calculated nodes into f64 slices sharing one entity layout; it does not publish factor-family rollups,
portfolio projections, or application-specific summaries.

25 Scale model and reproducible baseline
For F' published nodes and N entities, dense f64 payloads use approximately
8F N bytes

plus one 256-byte header per slice. The checked-in semi-live smoke run uses eight entities and five nodes. It emits 40 cell values and five
320-byte slices:
256 + 8 - 8 = 320 bytes per slice.

The dashboard, JSON snapshot, and SSE stream expose that same state. This is a functional and packaging baseline. The following
benchmark is reported separately so its host and postconditions remain explicit.

26 Design-pattern audit and measured performance

The implementation was cross-checked against the Imperial HFT design-pattern and pairs-trading corpus at commit 5783606 [10]. Its
most useful result came from reusing the pairs window, which alone reduced its checked-in benchmark median from 334.7 to 172.9
microseconds; the combined fixed buffer, one-pass moments, and AVX variant reached 66.3 microseconds. Explicit SIMD alone reached
302.9 microseconds, while software prefetching made no material difference in its separate scan. This motivates algorithm and allocation
work before architecture-specific instructions.
Hypercube therefore adopted four bounded changes:
1. compile stable dependency declarations once and reuse indexed plans;
2. cache entity slots and reuse one publication vector per node;
3. maintain rolling moments with a fixed circular buffer;
4. select a small top set in linear time and sort only that prefix.
Forced inlining, manual unrolling, prefetching, and explicit SIMD remain benchmark-gated. Rust’s portable SIMD API is still experi-
mental, and target features require an explicit deployment configuration [15, 16].
For the rolling window, state is (n, yu, M2), where Mz = 3",(z; — p)2. Adding z uses the centered Welford update [12]:

s
n=n+1, bd=z—p, Y =p+—, My=DM+5a—py).
n

When a full window evicts oldest value z,, the removal identity is

— — ny —x — —
n :nil’ 2 :gz MQ :MQ*(QZ(,*M)(CL’Ofy, )7

n

then the addition update is applied. These centered formulas avoid the cancellation-prone difference of large raw sums; a bounded periodic
corrected two-pass rebuild limits accumulated roundoff [13]. The implementation stores the mean as an offset from a retained window
origin, so a large common level does not consume the precision needed for a small residual variance.

The committed Criterion 0.7 harness [11] used 30 samples after a one-second warmup and a three-second measurement target. Before
and after lanes used identical benchmark source and tool version. The host was an AMD Ryzen Threadripper PRO 7985WX running
Linux 6.8, Rust 1.97.1 and LLVM 22.1.6, with the standard bench profile and no native-CPU or explicit SIMD flags.

Benchmark Before/reference Current Result
stable five-node graph, 128 entities 106.18 us 96.99 us —8.55%
stable five-node graph, 1,024 entities 998.31 us  888.30 us  —11.59%
durable five-slice publish, 1,024 entities 9.071 ms 3.494 ms  —62.08%
rolling z-score, 4,064 observations 156.43 pus 44.53 ps 3.51x%
top 10 of 16,384 finite values 296.92 us 47.92 us 6.20%

12
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speedup
6.20
6%
5%
4x
3.51
3x
2.60

2X

1.09 1.12
i - -

graph graph durable rolling top-10
128 1,024 publish moments select

Figure 6: Central-estimate speedup against the matched pre-change or reference lane. The first three are before/after Hypercube
results; the final two compare algorithms in the same current harness.

At 128 entities the durable publisher remained statistically unchanged because the synchronous operating-system flush dominates.
The explicit mapped-memory policy measured 12.76 microseconds at 128 entities and 109.04 microseconds at 1,024, but it has a weaker
postcondition: memory visibility without storage durability [14]. The host ran without isolation, frequency locking, or core pinning. These
development-host microbenchmarks provide no evidence about tail latency, contention, NUMA, crash recovery, or production SLAs. Full
commands, confidence limits, and the pattern-by-pattern audit are checked in as docs/performance.md.

27 Conformance tests

The current workspace has 37 Rust tests:
1. seven engine, publisher, and synthetic-injector tests cover dependency cycles, plan reuse, stale generations, tie-aware ranking, deter-
ministic inputs, and aligned publication;
2. six rolling-moment tests cover eviction, no-look-ahead scoring, non-finite input, large-offset and sub-epsilon variance retention, and
agreement with corrected two-pass windows;
3. two financial-example tests cover long-only ETF weights and exact reconstruction of the declared pair residual;
4. eight slice tests cover layouts and catalogs, format compatibility, vector algebra, bounded top selection, heartbeat semantics, and
fixed records;
5. fourteen circuit tests cover ring backpressure, trigger state, recording, digests, and fresh-state replay.
The complete all-target suite, including the benchmark smoke harness, also passes under the declared minimum compiler, Rust 1.81.0.
Foreign-language byte fixtures, high-contention stress, interrupted writers, cross-process x86-64 and aarch64 evidence, immutable
generation pinning, and crash recovery remain conformance work.
Performance reports should state entity count, slice count, update distribution, writer rate, reader count, operation, page residency,
CPU architecture, flush policy, and percentile methodology. Useful measurements include point-read latency, stable-vector latency, retries
per accepted read, generation publish time, changed-shard bytes, and end-to-end input-to-node-to-publication latency.

28 Limits 29 Open-source research sequence
The current implementation covers the following vertical slice and  Starting from the current public version, development can proceed
limits: in bounded stages:
e published output vectors are stable per slice; global atomicity 1. stabilize the published format, layout and catalog schemas,
across the complete output set is absent; Rust implementation, synthetic fixture, and current confor-
e vector readers use optimistic retry and can fail to progress mance tests;
within a fixed budget under sustained writes; 2. add portable readers and an ABI corpus that proves the same
e shared atomic and payload behavior requires explicit cross- bytes have the same meaning outside Rust;
process, cross-language, x86-64, and aarch64 conformance evi- 3. extend the reproducible single-process benchmarks to point
dence; counters, vector retries, concurrent writers and readers, tail
e layouts are stable while running; dynamic mutation requires a latency, x86-64, and aarch64;
new layout and coordinated publication; 4. implement a general immutable generation manifest with
e replication and general live gateway generation protocols re- reader pinning, crash recovery, and optional changed-shard
main separate work; publication;
e vendor ingestion, durable persistence, and direct input-slice 5. formalize typed pure and stateful function-cell interfaces, de-
adapters are outside the public repository; pendency identity, change propagation, and replay equivalence;
e the current typed calculation runtime excludes arbitrary func- 6. build the ETF /index example through fair value and discrep-
tion cells, automatic incremental invalidation, model sandbox- ancy as a deterministic reference application;
ing, and GPU lowerings; 7. specify decision intents and a simulated effect adapter before
e action cells and trading authority require separate architecture; any connection to live execution.
a calculated discrepancy conveys no trading authority. Each stage should be useful independently. A community mem-

These limits are part of the contribution. They identify where ber may only need a fast stable-layout shared vector, a factor re-
a simple memory-mapped vector is sufficient and where stronger searcher may use the replay/live hypercube interface, and a systems
publication, lifecycle, or authority semantics are required. researcher may focus on multi-slice generation consistency. The
project does not need to expose trading authority to make its mem-

ory and composition model valuable.
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30 Conclusion

Slice reduces current analytical state to a small, inspectable design:
fixed typed cells, stable entity slots, versioned headers, and reader-
lockless publication protocols. The hypercube restores the dimen-
sions that a raw vector alone cannot express—entity, primitive field,
calculated node, and generation—while keeping common operations
compatible with ordinary linear algebra. Applications may add fac-
tor, horizon, universe, and provenance coordinates without changing
the version-1 core.

The concurrency design is intentionally plural. Per-slot counters
serve independently changing point state and slice epochs serve sta-
ble vector scans. Immutable generation manifests are the proposed
stronger class for coherent multi-vector decisions. This avoids lock-

14

ing an entire analytical universe for every market change without
pretending that all consumers can accept the same consistency.

Function cells would extend the model from shared values to a
richer shared computation graph. Pure and explicitly stateful nodes
could compose data into returns, factors, portfolios, ETF or index
values, and observed-model residuals. Decision nodes may produce
bounded intents, but effects remain behind a separately governed
adapter. That separation lets composability grow without allowing
convenience to erase provenance, freshness, or authority.

The germinal system is therefore already present: a live memory
plane, an aligned multidimensional calculation model, and versioned
outputs that can be read repeatedly at low cost. The open-source
work is to make its guarantees portable, its generation semantics
complete, its benchmarks representative across deployment classes,
and its function interface explicit.
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