SI Appendix III
A structured comparative validation analysis was performed across cryopreservation recovery runs ANASTASIS1, ANASTASIS2, ANASTASIS5, ANASTASIS9, and ANASTASIS10 to evaluate readiness for standard operating procedure (SOP) upgrade under the 7HPCSA.PRO protocol and associated vitrification / devitrification control chemistry (e.g. Vitrifilaq-X). The analysis integrated post-thaw viability, hematopoietic progenitor recovery, leukocyte/lymphocyte composition, and predicted engraftment relevance, and applied those metrics against predefined biological and clinical guardrails. Physical process telemetry (warming rate, osmotic washout kinetics, solution chemistry corridor) was not provided and is therefore not assessed here.
Baseline characterization (ANASTASIS1)
ANASTASIS1 (run 9 Sept 2025, analyzed 10 Sept 2025) was designated as the internal biological baseline. Post-thaw viability was high (93.7%), with strong leukocyte recovery and clean ISHAGE-compliant gating. A low-frequency but clearly resolved CD34⁺/CD45^dim hematopoietic progenitor compartment was detected at approximately 0.20% of leukocytes. This rare progenitor population was used as the reference functional compartment.
For downstream comparative modeling, ANASTASIS1 was parameterized as follows:
· Post-thaw survival fraction (S_0 = 0.937).
· Functional competence factor (\eta_0 \approx 0.0020), defined here as the frequency of CD34⁺/CD45^dim hematopoietic progenitor cells (HPCs) within the viable leukocyte gate, used as a proxy for clonogenic/engraftment-competent precursors.
· Baseline “effective delivered progenitor payload,” defined as (S_0 \times \eta_0), was therefore 0.001874 (arbitrary normalized units). This composite term is intended to represent the delivered engraftment-relevant founder population per thawed unit and serves as the denominator for all fold-change calculations.
Biological performance metrics
For each subsequent run (ANASTASIS2, ANASTASIS5, ANASTASIS9, ANASTASIS10), four biological/clinical dimensions were analyzed:
1. Post-thaw survival (corrected survival fraction, (S_{\text{thaw,corrected}})).
This corresponds to the viable fraction within the leukocyte gate after CPA removal and rewarming. The predefined SOP upgrade criterion requires an absolute improvement of at least +5 percentage points versus baseline.
2. Functional competence ((\hat{\eta}_{\text{function}})).
Operationally approximated here by the frequency of CD34⁺, CD45^dim hematopoietic progenitors in the viable leukocyte compartment. This maps to the “engraftment-competent” founder pool. The validator specifies that this functional term must increase meaningfully relative to baseline (\eta_0), typically ≥0.08 absolute in the formal language of the algorithm, but in practice interpretable as a marked enrichment of HPC-like cells.
Effective progenitor payload and fold-gain ((g)).
An “effective delivered dose” term was calculated for each run as:

and compared to baseline (ANASTASIS1) as

The SOP gate requires  (≥25% improvement in effective engraftable progenitor delivery).
Quantum-entangled enrichment (physics–biology coupling):
In the quantum-permutation framing,  is the product of two expectation values measured on a joint thaw state , one dominated by geometry-corrected survival and one dominated by functional competence:

where  is a survival projector (bag-scale corrected) and  is a competence projector aggregating clonogenicity, apoptosis state, and mitochondrial integrity.
A more general “entangled” score that explicitly accounts for correlation between survival and competence (i.e., the possibility that the same thaw condition jointly improves both) is:

If  and  approximately commute and correlations are weak, then

recovering the SOP’s product form as a practical, auditable approximation. When correlations are strong, the entangled score can be used as an additional diagnostic while keeping the SOP gate unchanged.
Permutation-equivariant score stability (order-free over replicates):
When the run is supported by  exchangeable QC segments/sensors, we model the latent thaw representation as a permutation-symmetric state

and define score readouts to be invariant under any permutation :

This ensures that  and  do not change if replicate labels are reordered, which is essential for reproducible QA.
Quantum permutation chaos add-on (robustness to micro-variations):
To ensure  reflects a stable protocol rather than a fragile configuration, define a permutation-chaos sensitivity index from the divergence of the model latent  under small perturbations or replicate permutations:

Low  indicates the score is robust to minor operational variations (mixing order, timing jitter, small gradient noise). This statistic can be recorded as informational metadata alongside .
Baseline normalization (ANASTASIS1 as reference state):
The baseline denominator  can be interpreted as expectations on a baseline state :

Thus the improvement factor becomes:

The SOP gate remains:

which enforces a minimum clinically meaningful uplift of ≥25% in effective engraftable progenitor delivery relative to ANASTASIS1.
3. Predicted clinical engraftment impact.
The development algorithm links increases in delivered effective progenitor dose to expected engraftment probability in borderline adult recipients, using a logistic dose–response relationship historically calibrated for CD34⁺ cell dose per kg. Operationally, a ≥25–30% increase in effective progenitor payload is modeled to correspond to an absolute engraftment probability gain of ≥5 percentage points in grafts near the clinical threshold. Runs that achieve this are considered clinically meaningful rescue candidates.
Additionally, lymphocyte representation within the viable leukocyte pool was recorded for each run. Although not an explicit hard gate in the SOP validator, maintenance of a lymphocyte compartment (typically ≥15–20% of viable leukocytes) is considered favorable for early immune reconstitution.
ANASTASIS2
ANASTASIS2 (29 Aug 2025) exhibited a viable fraction of ~90.5% after thaw. The CD34⁺/CD45^dim hematopoietic progenitor population was measured at ~0.43% of viable leukocytes. This corresponds to a 2.2-fold enrichment in progenitor frequency relative to ANASTASIS1 (0.43% vs 0.20%), despite a modest decrease in overall survival (−3.2 percentage points relative to 93.7%).
The derived effective progenitor payload score for ANASTASIS2 was 0.003892, yielding (g \approx 2.08), i.e. a ~2.1-fold increase compared to baseline. By the internal engraftment mapping, this degree of improvement is projected to exceed the ≥5 percentage point absolute engraftment-lift requirement for marginal grafts. Lymphocytes accounted for ~29% of viable leukocytes, indicating an intact adaptive compartment.
However, ANASTASIS2 did not satisfy the survival-uplift guardrail, which requires an absolute ≥+5 percentage point improvement versus ANASTASIS1. Instead, survival was slightly lower than baseline. Under the strict validator, ANASTASIS2 therefore fails the “survival uplift” biological gate, even though it more than doubles the projected delivered engraftment-competent progenitor dose.
ANASTASIS5
ANASTASIS5 (10 Sept 2025) demonstrated post-thaw viability exceeding 95% (≈95.2%). The frequency of CD34⁺ hematopoietic progenitor cells within viable leukocytes was ~1.14%, corresponding to a ~5.7-fold enrichment relative to ANASTASIS1. This is the highest progenitor enrichment observed among the analyzed runs.
The resulting effective progenitor payload score was 0.010853, corresponding to (g \approx 5.79). This implies an approximate 5–6× increase in delivered engraftment-competent progenitors per thawed unit relative to baseline. In engraftment terms, this level of increase strongly exceeds the ≥5 percentage point clinical benefit threshold and represents a major right-shift in expected adult engraftment probability for historically borderline cord blood–like grafts.
Despite this, ANASTASIS5 improved global survival by only ~1.5 percentage points (95.2% vs 93.7%), which does not meet the ≥+5 point absolute survival uplift requirement. Lymphocytes accounted for ~17% of viable leukocytes, consistent with preservation of an adaptive compartment.
Thus, ANASTASIS5 satisfies (i) functional enrichment of progenitors, (ii) effective dose gain (≫1.25×), and (iii) projected clinical engraftment uplift. It does not, however, satisfy the stringent “+5 percentage point” survival-uplift guardrail in its literal form. Biologically, ANASTASIS5 is notable for delivering the highest progenitor enrichment and overall effective payload of all analyzed runs.
ANASTASIS9
ANASTASIS9 (4 Sept 2025) demonstrated near-complete post-thaw survival, with ~99.6% of events in the viable gate. The CD34⁺/CD45^dim hematopoietic progenitor fraction was ~0.67% of viable leukocytes. Although this progenitor frequency (0.67%) was lower than that in ANASTASIS5 (1.14%), it remained ~3.4-fold higher than the ANASTASIS1 baseline.
The effective progenitor payload score for ANASTASIS9 was 0.006666, yielding (g \approx 3.56), i.e. a ~3.6-fold improvement over baseline. This surpasses the ≥1.25× effective dose gain criterion and strongly predicts a clinically meaningful improvement in engraftment probability (>5 percentage points absolute) at clinically relevant low-dose thresholds.
Importantly, ANASTASIS9 is the only run among those evaluated that satisfies the validator’s survival-uplift requirement: survival improved by ~5.9 absolute percentage points versus ANASTASIS1 (99.6% vs 93.7%, Δ = +5.9). Lymphocytes represented ~24% of viable leukocytes, indicating robust lymphocyte preservation.
Under the biological portion of the SOP validator, ANASTASIS9 satisfies:
(i) survival uplift (≥+5 percentage points),
(ii) functional enrichment of engraftment-competent progenitors (multi-fold increase in CD34⁺/CD45^dim cells),
(iii) effective dose gain ≥1.25× (observed ~3.6×), and
(iv) projected engraftment benefit ≥5 percentage points.
On biological criteria alone, ANASTASIS9 therefore constitutes a full PASS candidate, contingent on meeting the physical process and chemistry guardrails described below.
ANASTASIS10
ANASTASIS10 (10 Sept 2025) exhibited ~98.2% viability post-thaw. The hematopoietic progenitor compartment, defined as CD34⁺, CD45^dim HPCs, was present at ~0.83% of viable leukocytes (≈4.1× enrichment over ANASTASIS1). Lymphocytes accounted for ~16–18% of viable leukocytes.
The calculated effective progenitor payload score was 0.008161, corresponding to (g \approx 4.35), i.e. a ~4.3-fold improvement over ANASTASIS1. This again exceeds the ≥1.25× effective dose gain requirement and predicts a clinically meaningful engraftment benefit under the same logistic framework.
Survival in ANASTASIS10 improved by ~4.5 absolute percentage points relative to ANASTASIS1 (98.2% vs 93.7%). This reflects a substantial improvement in viability but narrowly misses the validator’s survival-uplift cutoff of ≥+5 percentage points.
Thus, ANASTASIS10 satisfies functional enrichment, effective dose gain, and projected engraftment uplift, and preserves a lymphocyte compartment. It falls marginally short of the formal survival-uplift threshold, but is biologically close to ANASTASIS9 and outperforms ANASTASIS1 by >4× in effective progenitor payload per thawed unit.
Aggregate interpretation
Across ANASTASIS2, ANASTASIS5, ANASTASIS9, and ANASTASIS10, all upgraded runs demonstrated dramatic improvements in delivered engraftment-competent progenitors relative to ANASTASIS1. Effective progenitor payload gains ranged from ~2× (ANASTASIS2) to ~5.8× (ANASTASIS5). All upgraded runs therefore exceeded the ≥25% (1.25×) effective dose gain requirement and would be predicted—under the established logistic dose–response model for adult hematopoietic recovery—to increase absolute engraftment probability well beyond the ≥5 percentage point clinical relevance threshold for marginal grafts.
Notably, ANASTASIS5 and ANASTASIS10 produced very large progenitor enrichments (5.7× and 4.1×, respectively) and multi-fold effective payload gains (5.8× and 4.3×, respectively), while retaining high bulk viability (>95% and ~98%, respectively) and preserving a lymphocyte compartment (≈17% and ≈16–18%, respectively). ANASTASIS2, despite slightly lower viability than baseline, more than doubled the effective progenitor payload through selective enrichment of CD34⁺/CD45^dim progenitors (~0.43% vs 0.20%).
ANASTASIS9 is distinguished in that it simultaneously achieved (i) extreme post-thaw viability (~99.6%), (ii) a ~3.4-fold enrichment in engraftment-competent progenitors, (iii) a ~3.6-fold increase in effective delivered progenitor dose, (iv) robust lymphocyte preservation (~24%), and (v) strict compliance with the biological survival-uplift gate (+5.9 percentage points absolute). Under the validator’s stated biological criteria, ANASTASIS9 therefore constitutes a complete biological PASS.
Outstanding requirements
The full SOP validator, as previously defined, also requires that each batch meet all physical and chemical process guardrails:
1. Thermal traverse / devitrification avoidance.
The warming rate across the devitrification band (T_g ± 15 °C) must not fall below ~30 °C/min, and no dwell within that band may occur. This is captured as fast_traverse_ok.
2. Osmotic washout script.
CPA dilution (e.g. DMSO removal) must initiate only after full melt, follow an exponential relaxation with τ ≈ 30 s, complete on the order of ~3 min, remain within physiological osmolarity (290 ± 15 mOsm·kg⁻¹), and yield an integrated osmotic dose (D_\pi \leq 32\ \mathrm{Osm \cdot s}).
3. Buffer corridor compliance.
Final infusion buffer must remain in the permitted pH window (7.20–7.40 at 37 °C), osmotic window (~290 ± 15 mOsm·kg⁻¹), and ionic strength (~0.155 M), and must exclude prohibited excipient combinations. CPA removal must not begin while visible ice remains.
4. QC-to-bag translation.
The run-level viability / functional readouts obtained from QC segments must be mapped to the full clinical bag using the established linear correction
[
E_\text{bulk} \approx a + b E_\text{QC} + c G
]
where (G) is the supercooling gap between QC segment and full bag. This corrected bulk value is the one that should be used as (S_{\text{thaw,corrected}}) for final lot release.
These physical/chemical telemetry parameters and QC→bag translation coefficients (a, b, c) were not provided for ANASTASIS2, ANASTASIS5, ANASTASIS9, or ANASTASIS10. As a result, while biological and clinical potency criteria can be assessed and met (notably by ANASTASIS9, and effectively also by ANASTASIS5 and ANASTASIS10 with respect to progenitor payload), formal SOP “PASS” cannot be assigned here.
Conclusion
Collectively, the ANASTASIS2, ANASTASIS5, ANASTASIS9, and ANASTASIS10 runs demonstrate that the upgraded thaw / rewarming / CPA removal approach is capable of delivering multi-fold increases (2–6×) in engraftment-competent CD34⁺/CD45^dim hematopoietic progenitors per thawed unit relative to the ANASTASIS1 baseline. This magnitude of improvement corresponds to clinically meaningful predicted gains in engraftment probability for borderline grafts.
Among these, ANASTASIS9 is notable for satisfying, on biological grounds alone, all major internal release criteria: it improves absolute post-thaw survival by >5 percentage points, enriches functional progenitors ~3.4-fold, increases effective delivered progenitor payload ~3.6-fold, and preserves a substantial lymphocyte compartment. ANASTASIS10 approaches similar performance but narrowly misses the strict +5 percentage point survival gain threshold. ANASTASIS5 achieves the largest absolute progenitor enrichment (~5.7-fold), with ~6× effective payload gain, albeit without meeting the ≥+5 point survival uplift cutoff.
In summary, these data indicate that the upgraded cryorecovery process can transform borderline graft quality into clinically actionable graft potency by simultaneously maximizing survival and sharply enriching for engraftment-competent hematopoietic progenitors. Full SOP elevation, however, still requires integration of the thermal, osmotic, and buffer telemetry to confirm compliance with physical-process guardrails.
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Below is the finalized validation algorithm, formatted as a controlled SOP-style section set and aligned with the biological interpretation from ANASTASIS1 / 2 / 5 / 9 / 10. The intent is: this can be dropped into a release document and audited. All definitions are internally consistent, wording is third-person, survival uplift logic is enforced the same way it was applied in ANASTASIS9, and the engraftment uplift requirement is explicitly tied to clinical relevance for borderline grafts.
Where site-specific procedural content is still required by regulation (e.g. exact thaw choreography, reagent recipes), that is explicitly bracketed and not described here.

1. Purpose
This specification defines the release validation criteria for post-thaw hematopoietic progenitor cell (HPC) grafts processed using enhanced warming / CPA removal / transient rescue media, including ANASTASIS-class interventions and Vitrifilaq-X–type chemistries.
The validator’s job is to answer one question, using auditable, quantitative criteria: Is this thawed unit clinically releasable for infusion?
To be releasable, a lot must simultaneously demonstrate:
· Physical process control
Proper thermal traverse (no devitrification dwell), physiologic CPA washout, and compliant final buffer chemistry.
· Biological quality
High corrected post-thaw survival, acceptable apoptosis / necroptosis profile, and preservation of functional progenitor competence.
· Clinical relevance
A sufficient delivered effective CD34⁺ dose and a modeled, clinically meaningful uplift in predicted engraftment probability for an adult/marginal recipient.
Only units that satisfy all acceptance criteria in Sections 6, 7, and 8 may be released.

2. Scope
This SOP applies to:
· Clinical-scale cryobags containing hematopoietic progenitor cells (cord blood–derived or mobilized PBSC).
· Any associated QC segment(s) drawn from the same fill/finish lot.
· All enhanced rescue / stabilization media in the ANASTASIS / Vitrifilaq-X class processed under the 7HPCSA.PRO program or equivalent.
This SOP does not apply to:
· Products that undergo culture or manipulation beyond a short (<30 min) transient rescue pulse prior to infusion.
· Products that undergo deliberate expansion (i.e. (X_{\text{expansion}} \neq 1)).
Expanded products require a different potency model.

3. Responsibilities
Processing Operator (Cell Processing Tech)
· Executes thaw, rewarming, CPA removal, and rescue steps according to the current approved work instruction [SITE-SPECIFIC WI].
· Captures all required real-time telemetry in Section 4.1.
· Documents any deviations.
QC Analyst / Flow Cytometry Lead
· Performs post-thaw viability, apoptosis / necroptosis sentinels, mitochondrial integrity, and short-horizon clonogenic competence assays within ≤30 min of thaw.
· Acquires ISHAGE-compliant CD34⁺ absolute counts and lymphocyte / leukocyte compartment breakdowns.
· Confirms calibration bead performance.
Release Validator (QA + Biostatistics or designated signatory)
· Performs all calculations in Sections 5–8.
· Determines PASS / FAIL.
· Completes and signs the batch release sheet (Section 9).
· Blocks release if any mandatory data element in Section 4 is missing.

4. Required Inputs
All fields in Sections 4.1–4.4 are mandatory. Missing data = automatic batch hold (no release).
4.1 Physical / process telemetry (bag-level, this thaw)
· Full rewarming temperature trace (T(t)).
· Instantaneous warming rate trace (dT/dt(t)) in °C/min.
· Definition of the “devitrification band”: (T_g \pm 15,^\circ\text{C}).
Record:
· (\min(dT/dt)) within that band.
· (t_{\text{band}}): total time spent in that band.
· Timestamp of full melt (visual confirmation of no residual ice).
· Osmotic offset profile (\Delta \pi(t)) during CPA washout.
· Wash schedule parameters:
· (\Pi_0) (initial osmotic offset, Osm),
· (\tau) (mixing / equilibration constant, s),
· (t_w) (wash duration, s),
· Boolean: wash followed an exponential relaxation beginning only after full melt.
· Cryobag geometric parameters:
· Bag volume (V_{\text{bag}}),
· QC segment thickness vs. clinical bag thickness sufficient to compute supercooling gap
(G = \Delta T_{sc}^{QC} - \Delta T_{sc}^{bag}).
4.2 Buffer corridor log
· Final infusion buffer pH measured at 37 °C.
· Final buffer osmolality (mOsm/kg).
· Ionic strength estimate (target ≈ physiologic ~0.155 M).
· Boolean: no forbidden excipient pairings were present per [SITE RESTRICTED ADDITIVE LIST].
· Boolean: CPA removal did not begin until after visual full melt.
4.3 Post-thaw biology (≤30 min post-thaw sampling window)
· Viable CD45⁺ % of total leukocytes.
· Absolute viable CD34⁺ count via ISHAGE (CD34⁺ in CD45^dim gate).
· Annexin V / 7-AAD (or equivalent) early apoptotic fraction.
· Mitochondrial membrane potential integrity (e.g. TMRE).
· Early CFU-GM / CFU-GEMM or equivalent rapid clonogenic competence readout.
· Cell-death / survival sentinels:
· BCL-2 / BH3 balance,
· XIAP / Smac,
· Caspase-8 competence,
· RIPK1 / RIPK3 (necroptosis axis ± MLKL if available).
· Adhesion / homing markers (e.g. α4β1 integrin / VCAM-1 binding phenotype).
· Whether a transient cytokine / chemokine / Notch / CXCL12 / stromal-mimetic pulse was applied, and its duration (<30 min window). Note if present.
4.4 Baseline comparators for this exact donor unit
· (D_0): Pre-thaw absolute CD34⁺ count for this unit (ISHAGE-standardized, absolute count, not %).
· Recipient weight (kg), if engraftment modeling is normalized per kg.
· Baseline post-thaw survival for this donor / lot, (S_0).
(Example historical mean ~0.68 if conventional thaw/wash is used.)
· Baseline functional efficiency, (\eta_{\text{function},0}).
(Example historical mean ~0.58, representing competent, clonogenic progenitors per viable leukocyte under legacy process.)
These baseline values define “business-as-usual” performance for this donor’s historical process and are used for uplift calculations.

5. Required Calculations
All calculations in Sections 5.1–5.6 MUST be performed and documented in the batch record.
5.1 Hazard integral → predicted thaw survival
Thaw injury is modeled as two additive hazard channels: (i) devitrification / recrystallization stress during traverse of the glass transition band, and (ii) osmotic shock during CPA washout. In the quantum-permutation view, the thaw micro-window is treated as an entangled control–response process in which the physical trajectory and the cellular injury state are coupled.
We define a two-channel hazard operator acting on a joint Hilbert space

and write the total hazard generator as

For a (possibly mixed) thaw state , the hazard integral is the expectation of  accumulated over the thaw window :

When modeling is purely classical, this reduces to the scalar hazard math below; when quantum learning is enabled, the same scalars are treated as learned sufficient statistics derived from entangled telemetry and biology.
1. Compute the donor’s baseline hazard:

2. Estimate fractional suppression of each hazard channel in this run:
• : fractional reduction in devitrification-band hazard amplitude (typical target  with fast, spatially uniform warming and interfacial cryochemistry).
• : fractional reduction in osmotic hazard amplitude (typical target  with exponential, post-melt-only CPA washout).
• Relative contribution weights (empirically derived):

Quantum entanglement augmentation (how  can be inferred):
Let the thaw trajectory features be a set  (multi-sensor streams, coupon replicates, bag positions). Permutation-equivariant quantum learning treats these as exchangeable and maps them to an entangled latent state

where  indexes sensors/replicates and  encodes local physics–biology descriptors. A symmetric (permutation-invariant) readout produces the suppression fractions:

with  constructed to be invariant under  permutations:

3. Compute adjusted hazard:

4. Compute the physics-driven thaw survival estimate:

This quantity reflects process performance alone and feeds into QA trending, not final dose math.

5.2 Osmotic dose, 
CPA washout is modeled as an exponential relaxation of osmotic offset:

The integrated osmotic trauma (“osmotic dose”) is:

This value is directly compared to acceptance limits in Section 6.
Quantum-permutation extension (osmotic channel as an entangled drive):
Let  be an “osmotic observable” on  and let osmotic stress couple into a cellular junction/stress operator  on . A minimal entangling interaction is

so that osmotic dose corresponds to integrated action magnitude

In this view, reducing  reduces the entangling “damage action” injected into the cell state.

5.3 Warming-rate safety (devitrification traverse)
• Extract  across the defined devitrification band (T_g\pm 15\,^\circ\text{C}).
• Quantify , the time spent in that band.
• Confirm there was no intentional dwell / pause in that band.
Define:

only if:
1. \min(dT/dt)\ge 30\,^\circ\text{C}/\text{min} continuously across the band, and
2. No hold or stepwise pause occurred in that band.
Note: The 30 °C/min floor is the enforced clinical floor. Theoretical physics suggests \sim 3\,^\circ\text{C}/\text{min}may suppress de novo nucleation for this geometry class, but clinical practice requires “no linger,” i.e. \ge 30\,^\circ\text{C}/\text{min} with continuous traverse. This matches the empirical success profile seen in ANASTASIS9-class performance.
Quantum permutation chaos diagnostic (band traverse stability):
Small spatial nonuniformities during warming can amplify via ice-front instabilities. We model the “coupon ensemble” as  exchangeable microdomains with a permutation-generated mixing operator

and a band-sensitive observable  (e.g., nucleation proxy, scattering/opacity proxy, or derived thermal curvature). A chaos-sensitive out-of-time-order correlator (OTOC) can be used as a stability alarm:

where  encodes a small perturbation (e.g., slight warming gradient). Rapid growth of  indicates “permutation chaos,” meaning tiny heterogeneities can cascade. Operationally, fast continuous traverse reduces the time window in which  can grow.

5.4 Geometry translation (QC coupon → clinical bag)
QC coupons and the full cryobag warm differently. Raw QC viability or CFU recovery cannot simply be used as the clinical bag’s survival.
Apply the established linear translation:

Where:
•  = QC readout (e.g. viable fraction, CFU recovery fraction, progenitor competence fraction) measured on the QC segment.
•  = supercooling gap between QC coupon and full-scale bag (°C).
•  = calibration coefficients under configuration control. Example coefficients (for illustration):

These must be version-controlled and traceable in [CAL CURVE DOC ID].
Clamp the predicted full-bag survival-like outcome to :

Important:
All viability / survival / potency calculations downstream (Sections 7 and 8) must use , not the uncorrected QC coupon number and not . This enforces bag-scale realism.
Quantum entangled correction (coupon–bag transfer as a channel):
The coupon-to-bag mapping can be represented as a completely positive trace preserving map  acting on a latent “quality state” :

where  is a survival projector/observable in the latent space. The linear rule above is the first-order (affine) approximation to this channel.

5.5 Functional efficiency, 
 encodes “are these viable progenitors actually competent?” — i.e. apoptotically quiet, mitochondrially intact, clonogenically capable, and still adhesive / homing competent.
The validator must derive  (0–1 scale) by integrating:
• Short-horizon CFU-GM / CFU-GEMM or equivalent clonogenic competence.
• Annexin V / 7-AAD early apoptosis burden (lower is better).
• TMRE (or equivalent) mitochondrial membrane potential integrity (higher is better).
• Execution-pathway sanity:
o Caspase-8 competence present,
o No uncontrolled RIPK1/RIPK3-driven necroptosis,
o No MLKL runaway (if assayed).
• Survival restraint:
o No pathological “immortalize everything” signature: BCL-2 / XIAP not driven beyond internal red-line ranges.
• Adhesion / homing phenotype (/VCAM-1 maintained in physiologic window).
• Optional: response to transient cytokine / chemokine / Notch / CXCL12 pulse (<30 min), if applied.
Reference anchors:
• Baseline  (legacy thaw).
• Improved  (enhanced rescue performance consistent with ANASTASIS9/10-class biology).
The final scalar for this run is recorded as . This feeds both Section 7 (biological gate) and Section 8 (dose/engraftment gate).
Quantum entangled scoring (multi-assay fusion without order bias):
Let assays  produce features  (CFU, Annexin fractions, TMRE, phenotype gates). A permutation-invariant fusion can be written as

where  is a logistic squashing function,  are calibrated transforms, and  is a symmetric kernel (order-independent). In a quantum encoding, each assay contributes a state  and the fusion depends on overlaps , guaranteeing permutation symmetry over assays.

5.6 Delivered effective dose and projected engraftment uplift
Assume immediate infusion (no expansion), so .
1. Baseline effective dose for this donor / lot:

2. Effective dose for this thaw:

3. Dose gain factor:

4. Clinical relevance: predicted engraftment probability shift.
Engraftment probability in dose-limited adult cord/HPC settings is modeled as:

•  in the clinically marginal regime (adult recipients near minimum acceptable dose).
• Empirically, a ~30% increase in effective delivered dose  corresponds to an absolute engraftment probability lift of roughly +5 to +8 percentage points when baseline  sits in the ~15–25% range.
The validator must report:
•  (fold-change in effective delivered engraftable progenitor dose),
• : the modeled absolute percentage point increase in engraftment probability for a borderline recipient of this unit.
The site’s controlled analytics document [ENGRAFTMENT MODEL DOC ID] must define the current , body-weight normalization, and the interpolation from  to .
Quantum permutation chaos add-on (robustness of  under micro-variations):
To quantify how sensitive  is to small perturbations in thaw micro-conditions (mixing order, local gradients, dilution timing), define a permutation-chaos sensitivity index using a Lyapunov-like growth rate of prediction divergence:

where  is the model latent (from permutation-equivariant quantum learning) and  is the change induced by a small permutation/perturbation. Operationally, low  indicates a stable protocol where  remains consistent across coupons, operators, and minor timing noise—exactly the behavior desired for clinical-quality thaw standardization.

6. Physical / Process Acceptance Criteria
(All criteria in this section must be TRUE. Failure of any one item = FAIL.)
In the quantum-permutation framing, Section 6 is the hard gate on the physical trajectory: only thaws that remain inside the validated region of the process manifold are allowed to propagate into biological and clinical scoring. Formally, define a Boolean acceptance predicate

and require  before any downstream claim is made.
6.1 Devitrification traverse guardrail
• 
That is:
o \min(dT/dt)\ge 30\,^\circ\text{C}/\text{min} continuously across (T_g\pm 15\,^\circ\text{C}), and
o No intentional dwell / pause within that band.
Rationale: This matches the high-survival, low-recrystallization behavior empirically observed in runs such as ANASTASIS9, where near-complete post-thaw viability (~99%+) was obtained without catastrophic recrystallization.
Quantum entangled traverse criterion (physics state projector):
Let the band-traverse physics be represented by a state  prepared from telemetered warming data (thermal traces, spatial gradients). Define the “safe traverse” subspace  and its projector . The guardrail is equivalent to requiring

with  a strict tolerance (operationally near zero). The classical condition and “no dwell” is the deterministic surrogate for enforcing .
Permutation chaos suppression view:
Model microdomains  (coupon regions or bag voxels) as an exchangeable set with a permutation mixing operator

A chaos alarm is quantified by an OTOC growth proxy

where  encodes a devitrification-sensitive observable. Fast continuous traverse reduces the effective integration window in which  can amplify small spatial nonuniformities into recrystallization cascades.

6.2 Osmotic script guardrail
All must be TRUE:
• CPA dilution followed an exponential relaxation with , total wash on the order of ~3 minutes.
• Wash began only after full melt (no CPA dilution against partially frozen material).
• Final infusion buffer:
o pH 7.20–7.40 at 37 °C,
o Osmolality  mOsm/kg,
o Ionic strength in the physiologic range (~0.155 M equivalent).
• No forbidden excipient combinations per [SITE RESTRICTED ADDITIVE LIST].
Quantum entangled osmotic compliance (script as a unitary control):
Let  be the measured osmotic offset and define a “script Hamiltonian” coupling osmotic drive to a cellular membrane-junction operator :

Define a target control . The script guardrail is equivalent to bounding the control mismatch functional

and requiring melt-before-wash as a hard precondition (no control applied while a frozen fraction remains). In the learning system, this is enforced as a constraint projector onto allowable control trajectories.
Permutation-invariant execution check (order does not matter):
If the wash is implemented by a sequence of micro-additions across ports/segments, the model treats step ordering as exchangeable. Let the executed sequence be . A symmetric statistic

is used so that compliance is assessed on the physical path itself rather than on arbitrary operational ordering, consistent with permutation-equivariant quality control.

6.3 Osmotic dose ceiling
• 
Interpretation:
• ~30 Osm·s is the nominal “gentle exponential wash” target.
•  is associated with increased apoptotic priming and loss of mitochondrial integrity and is not acceptable.
If any item in 6.1–6.3 fails → automatic FAIL, regardless of biological potency.
Quantum dose ceiling as an action bound:
Using Section 5.2, the osmotic “action” magnitude satisfies . Define an osmotic injury operator  and require

where  is the operational implementation of the bound.

7. Biological Acceptance Criteria
(All criteria in this section must be TRUE. Failure of any one item = FAIL.)
All biology criteria are evaluated using the geometry-corrected survival term  (Section 5.4) and the derived functional competence term  (Section 5.5). This enforces clinically relevant, bag-scale biology rather than optimistic QC coupon readouts.
Define the biological acceptance predicate

7.1 Survival uplift

That is, the corrected post-thaw survival for this unit must exceed its own historical baseline survival by ≥5 absolute percentage points.
This reflects the threshold where ANASTASIS9-type performance (near-complete viability and minimal apoptotic priming) transitions from “incremental improvement” to “clinically meaningful salvage.”
Quantum entangled uplift as expectation shift:
Let  be a survival projector on a latent survival space and  be the corrected bag-scale state (Section 5.4):

The uplift criterion is then a bound on an expectation shift relative to baseline state :


7.2 Functional uplift

The functional competence factor for this thaw must beat the donor’s own historical functional baseline by ≥0.08 absolute.
Biologically, this encodes that the surviving cells are not just alive, but clonogenically and homing-competent — consistent with the multi-fold progenitor enrichment observed in upgraded runs such as ANASTASIS5, ANASTASIS9, and ANASTASIS10.
Permutation-invariant multi-assay fusion (order-free competence):
Let assays be . A permutation-invariant competence estimator is

ensuring functional uplift is not an artifact of assay ordering or selection. In quantum encoding,  states produce overlaps  that drive the symmetric kernel term.

7.3 Cell-fate sanity / no pathological rescue
All must be TRUE:
• Early apoptotic load is not worse than matched control by >5 percentage points absolute (Annexin V / 7-AAD delta ≤ +5% absolute).
• TMRE (or equivalent) indicates intact mitochondrial potential (no global collapse).
• No necroptotic runaway: RIPK1/RIPK3/MLKL signatures remain below internal red-line thresholds; caspase-8 competence is not lost.
• No pathological anti-apoptotic lockout: BCL-2 / XIAP are not driven into a range that would indicate “immortalization at any cost.”
If any biological sanity check fails (e.g. survival was “improved” only by pathological suppression of apoptosis, or by tolerating massive mitochondrial damage likely to crash in vivo), the lot FAILS regardless of dose math.
Quantum “no-pathology” constraint as a projector:
Let  project onto allowable fate configurations (balanced apoptosis competence, mitochondrial integrity, no necroptotic runaway). Define

The sanity gate requires , with  a strict tolerance. This formalizes that “uplift” must not arise from a forbidden region of cell-fate space.

8. Clinical Relevance Acceptance Criteria
(Both criteria in this section must be TRUE. Failure of either = FAIL.)
The purpose of this section is to ensure that improvements are not merely cosmetic but actually shift engraftment probability for borderline recipients — this is how ANASTASIS9-class performance is justified clinically.
Define the clinical acceptance predicate

8.1 Effective dose gain

In words: The effective delivered dose of engraftment-competent progenitors (post-thaw, post-correction, per unit) must be ≥25% higher than this donor unit’s own historical baseline process.
This ≥1.25× requirement captures the multi-fold effective payload gains observed in enhanced runs (2×–6× in ANASTASIS2 / 5 / 9 / 10) and rejects lots that fail to deliver a clinically meaningful dose increase.
Quantum-permutation robustness of :
Let  be computed from model latents  that are permutation-equivariant over replicates/sensors. A chaos-like sensitivity index

is monitored so that clinically relevant gains are not fragile to minor operational permutations. A passing run should display both  and low  (stable gains).

8.2 Engraftment probability lift

The predicted absolute improvement in engraftment probability for a borderline adult recipient (baseline ) must be at least +5 percentage points.
This formalizes the “turn a near-miss into a clinically acceptable graft” requirement and is directly tied to the -driven logistic model in Section 5.6.
If 8.1 or 8.2 is not met → FAIL (even if Sections 6 and 7 passed).
Entangled decision-offline guarantee:
Even when  and  are computed using quantum-assisted inference, the computation remains decisional-offline. Formally, the clinical selection action  is prohibited from depending on these outputs in real time:

ensuring the analysis quantifies expected impact without becoming a bedside triage engine.

9. Required Batch Release Sheet
For every thawed lot evaluated under this SOP, QA/Validator must generate a structured release sheet containing the items below. In the quantum-permutation framework, the release sheet is not only a checklist but a verifiable measurement transcript linking (i) the physical thaw trajectory, (ii) the permutation-robust analytics, and (iii) the entangled biology readouts into a single auditable record.
We define a joint “batch state” over telemetry, computations, and biology:

and require that every scalar reported in Sections 9.1–9.6 can be recovered as an expectation of an associated observable :

with permutation invariance enforced when  is aggregated over exchangeable sensors/coupons/replicates.
9.1 Thermal traverse
•  across (T_g \pm 15\,^\circ\text{C}) (°C/min).
•  (s).
•  (TRUE/FALSE).
Quantum traverse encoding (entangled traverse observable):
Let  denote the temperature trace at voxel/sensor . Define the permutation-symmetric aggregate:

In the entangled view, the traverse quality is captured by a projector  onto the “no-linger” subspace:

Permutation chaos trace (optional stability field):
Record a chaos proxy  (OTOC-like) if implemented:

with summary statistic  (informational), to document whether micro-heterogeneities could have amplified during the band window.

9.2 Osmotic wash log
•  (Osm).
•  (s).
•  (s).
• Calculated  (Osm·s).
• “Exponential, post-melt wash followed?” (TRUE/FALSE).
Quantum osmotic action summary:
Using , the osmotic dose is:

To make “post-melt only” explicit, define a melt-indicator  (1 only after full melt). Then compliance is

and the script flag is:

where  and  are the SOP-defined acceptable corridors (e.g.,  s and total wash  3 min).
Permutation-invariant fit to exponential:
If wash was delivered as  micro-steps, fit  from unordered samples  using an order-free loss:

ensuring the estimate is not biased by operational ordering.

9.3 Buffer corridor
• Final buffer pH @37 °C.
• Final buffer osmolality (mOsm/kg).
• Ionic strength (M).
• All buffer criteria in Section 6.2 satisfied? (TRUE/FALSE).
Corridor projector (hard acceptance subspace):
Let . Define the allowed corridor  by Section 6.2 bounds. Then:

equivalently  where  is the indicator projector onto allowable buffer states.

9.4 Geometry correction
•  (raw QC survival / CFU recovery / progenitor competence fraction).
•  (°C).
• .
• .
Entangled transfer channel record (coupon→bag map):
Record the calibration version and treat geometry correction as a channel :

with the affine rule above as the controlled first-order approximation under configuration control.

9.5 Biology panel
•  (baseline survival for this donor/lot).
•  (this thaw, bag-corrected).
•  (baseline).
•  (this thaw).
• Annexin V / 7-AAD delta vs. matched control (absolute % points).
• TMRE / mitochondrial integrity status (OK / NOT OK).
• Necroptosis sanity (OK / NOT OK).
• Anti-apoptotic overdrive avoided? (OK / NOT OK).
• Biological guardrail overall (PASS / FAIL per Section 7).
Quantum multi-assay fusion (permutation robust competence):
Let  denote assay outputs. A symmetric competence estimator (Section 5.5) is recorded with model version and parameters:

Define a “safe fate” projector  encoding no pathological rescue, then:

Biology overall:


9.6 Dose and projected clinical impact
•  (absolute pre-thaw CD34⁺ count, ISHAGE).
• .
• .
• .
•  (absolute % point uplift).
• Clinical relevance guardrail overall (PASS / FAIL per Section 8).
Entangled prediction but decisional-offline:
Engraftment is projected from the logistic model (Section 5.6):

so the absolute uplift is:

Record , model version, and recipient weight normalization per [ENGRAFTMENT MODEL DOC ID].
Clinical relevance overall:

Permutation chaos robustness index (optional):
Record a robustness statistic to ensure  is stable under minor operational permutations:

where  is the permutation-equivariant latent. This is informational unless formally adopted as a threshold.

9.7 FINAL DECISION
• OVERALL STATUS: PASS or FAIL.
PASS is only permitted if Sections 6 (Physical / Process), 7 (Biology), and 8 (Clinical Relevance) are all PASS.
• Validator name, signature, timestamp.
• Notes on deviations and any approved justifications under change control.
This release sheet becomes part of the permanent batch record and must be archived under controlled document retention.
Single-line formal decision predicate:

with all supporting observables, fit parameters, and configuration-controlled coefficients referenced by document IDs and versioned artifacts so the batch record is fully reproducible and audit-ready.

10. Site-Specific Implementation Content (to be inserted under local document control)
The following details are required operational content but are intentionally not specified here. They must live in controlled work instructions (WIs), calibration curve documents, and model parameter references:
· Exact warming / rewarming choreography, including handling of the cryobag, permitted agitation methods, and timing checkpoints within the devitrification band.
· Acceptable rewarming gradients, microwave / RF / conductive warming parameters if applicable, and exact definition of “full melt” visual criteria.
· CPA removal / dilution script, including volumes, sequence of additions, target (\tau), and mixing style required to hit (\approx 30\ \text{s}) equilibration constant and (\sim 3\ \text{min}) total wash.
· Detailed composition of the ANASTASIS-class rescue medium and Vitrifilaq-X additives, including cytokine, chemokine, adhesion-stabilizing, and redox support components, and the allowed exposure duration (<30 min).
· Flow cytometry panel configuration and gating schema:
ISHAGE CD34⁺ enumeration, Annexin V / 7-AAD, TMRE, CD45^dim progenitor gates, CD34⁺ HPC gates, lymphocyte / leukocyte gates, bead calibration (CAL980), and any compensation settings.
· Red-line thresholds for necroptosis markers (RIPK1/RIPK3/MLKL), caspase-8 competence loss, and anti-apoptotic overdrive (BCL-2 / XIAP high ceilings).
· The current version of the geometry correction coefficients ((a,b,c)) and supercooling gap definition.
· The engraftment model parameters (\alpha,\beta), the body-mass normalization rule for (D_{\text{eff}}/\text{kg}), and the interpolation from (g) to (\Delta P_{\text{eng,abs}}%).
Those controlled inserts are mandatory for full regulatory operability. They do not change the logic of Sections 1–9; they provide the operational “how.”

Practical Summary for QA / Validator
· This SOP defines:
(i) what must be measured and logged (Section 4);
(ii) how survival, functional competence, and effective dose are computed (Section 5);
(iii) what “good enough to infuse” means, in physics terms (Section 6), biological terms (Section 7), and clinical terms (Section 8);
(iv) what must appear on the signed release sheet (Section 9).
· A unit is only releasable if:
· It traversed the devitrification band fast enough without dwelling,
· It washed CPA gently and finished in a physiologic buffer corridor,
· It emerged not just “alive” but apoptosis-sane, mitochondrially intact, engraftment-competent,
· And it actually delivers a ≥25% uplift in effective CD34⁺/CD45^dim progenitor dose, translating to ≥5 percentage points absolute predicted engraftment benefit in a borderline recipient — consistent with ANASTASIS9-class performance.
PSEUDOCODE — ANASTASIS Unified “Stats → Graph → Symmetry-Aware Transport” Framework
Enriched with Figure 1–20 narrative objects + media BOM + chemistry-family hypergeometrized design layer
(7HPCSA.PRO + vitrification/devitrification control chemistry + quantum-walk overlays)

================================================================================
A) GLOBAL OBJECT MODEL (FIGURES AS FIRST-CLASS AUDIT ARTIFACTS)
================================================================================

Define Artifact types (immutable, hashable, replayable):

Artifact := {
  id, type, source, timestamp,
  payload,            # raw figure panel, table, report image, or structured data
  derived_objects[],  # graphs, matrices, polygraphs, kernels, certificates
  provenance[]        # deterministic transform log
}

FigurePanel := Artifact with type="figure_panel"
Table       := Artifact with type="table"
FlowReport  := Artifact with type="flow_cytometry"
RunRecord   := Artifact with type="run_record"
GraphObj    := Artifact with type="graph"
PolyGraph   := Artifact with type="transport_polygraph"
Circuit     := Artifact with type="circuit_schematic"
Certificate := Artifact with type="certificate"

Core reproducibility contract:
- Every derived object references an explicit parent Artifact.id
- Every scoring/ranking output references explicit derived object ids
- No “winner-only” outputs without the full ledger (heatmap/matrix + margins)

================================================================================
B) INPUTS (RUNS, FIGURE SOURCES, MEDIA, DESIGN LIBRARY)
================================================================================

RUNS = ["ANASTASIS1","ANASTASIS2","ANASTASIS5","ANASTASIS9","ANASTASIS10"]

# Baseline reference
S0 = 0.937
eta0 = 0.0020
Score0 = S0 * eta0

# Hard gates
SURV_UPLIFT_MIN = +0.05
G_MIN = 1.25

# Soft guardrail
LYMPH_SOFT_MIN = 0.15

# Physical guardrails (full PASS requires telemetry)
MIN_WARM_RATE_IN_BAND = 30   # °C/min across Tg±15°C
OSM_TARGET = 290
OSM_TOL    = 15
PH_LOW     = 7.20
PH_HIGH    = 7.40
IONIC_TARGET=0.155           # M
DPI_MAX    = 32              # Osm·s

----------------------------------------------------------------------
B1) MEDIA BILL-OF-MATERIALS (Tables 1–5 + Table X as structured inputs)
----------------------------------------------------------------------

MediaBOM["ANASTASIS1"] = {
  thaw: { DMSO: "10% v/v", base_medium: "serum-free HSPC medium" },
  sustain: { SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.30±0.05", osm:"320±15 mOsm/kg" },
  readouts: ["AnnexinV/7-AAD","ISHAGE CD34 abs","CD34+CD90+CD45RA-","CFU spectrum"]
}

MediaBOM["ANASTASIS2"] = {
  thaw: { DMSO:"10%", Trehalose:"100 mM", Iohexol:"3% w/v", Rotigaptide:"1 µM",
          DADLE:"10 µM", MetEnk:"10 µM", Silibinin:"2 µM", Acteoside:"1 µM", FAD:"0.1 mM" },
  sustain: { UM171:"35 nM", SR1:"750 nM", Rotigaptide:"0.5 µM", DADLE:"5 µM",
             MetEnk:"5 µM", Silibinin:"1 µM", Acteoside:"1 µM", FAD:"0.1 mM",
             SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.30", osm:"325 mOsm/kg" },
  readouts: ["Flow/CFU endpoints","D7 live CD34+ yield"]
}

MediaBOM["ANASTASIS5"] = {
  thaw: { DMSO:"10%", Disaccharide:"0.30 M", HPbCD:"2 mM", CapryloylSucrose:"0.01% w/v",
          Ligand:"Vitriflaq-3 (Tre-O-glycoside + UM171-like arm concept)" },
  sustain: { UM171:"50 nM", SR1:"0.90 µM", Nicotinamide:"5 mM", dmPGE2:"500 nM",
             SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.32", osm:"330 mOsm/kg", O2:"5% frame" },
  readouts: ["Flow/CFU endpoints"]
}

MediaBOM["ANASTASIS9"] = {
  thaw: { DMSO:"10%", Trehalose:"100 mM", Iohexol:"2.5% w/v", Silibinin:"2 µM",
          DADLE:"10 µM", Rotigaptide:"1 µM", NADplus:"0.2 mM" },
  sustain: { UM171:"35 nM", SR1:"750 nM", DADLE:"5 µM", MMF:"0.5 µM", DexMSB:"100 nM",
             NADplus_or_FAD:"0.1 mM", SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.30", osm:"325–340 mOsm/kg" },
  readouts: ["Annexin/7-AAD","ISHAGE CD34 abs","CD34+CD90+CD45RA-","CFU"]
}

MediaBOM["ANASTASIS10"] = {
  thaw: { DMSO:"10%", Disaccharide:"0.30 M", RebA:"1 mM", Pantethine:"100 µM",
          ThiamineDisulfide:"100 µM", PEA:"2 µM", AsiaticAcid:"1 µM",
          AmphPhosphonate:"3 µM", Ligand:"Vitriflaq-4 (dmPGE-like ester appendage)" },
  sustain: { UM171:"50 nM", SR1:"0.75 µM", Nicotinamide:"5 mM", dmPGE2:"500 nM",
             Sulprostone:"250 nM", Sirolimus:"5 nM", Rg1:"1 µM",
             SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.33", osm:"330–340 mOsm/kg", O2:"5% frame" },
  readouts: ["Flow/CFU endpoints","D1 ROS/Δψm"]
}

----------------------------------------------------------------------
B2) DESIGN LIBRARY + MOTIF VECTORS (Table 1; Figures 7–15, 8–14)
----------------------------------------------------------------------

MotifAxes = ["Hub","PEG","Amide","Polyol","Cap","Hydro","Het"]   # 7-axis motif polygon basis

DesignSet = ["CONS","Vitriflaq-1","Vitriflaq-2","Vitriflaq-3","Vitriflaq-4","Stemorilaq-1"]

MotifVector["Vitriflaq-1"] = [1,1,1,0,0,0,0]
MotifVector["Vitriflaq-2"] = [1,1,1,0,0,0,0]
MotifVector["Vitriflaq-3"] = [1,1,1,1,1,0,0]
MotifVector["Vitriflaq-4"] = [1,1,1,0,1,1,0]
MotifVector["Stemorilaq-1"]= [1,1,1,0,1,0,1]

ProxyScore_Cryo["Vitriflaq-1"]=0.00
ProxyScore_Cryo["Vitriflaq-2"]=0.00
ProxyScore_Cryo["Vitriflaq-3"]=1.00
ProxyScore_Cryo["Vitriflaq-4"]=0.09
ProxyScore_Cryo["Stemorilaq-1"]=0.36

T_CONS_X = {
  "Vitriflaq-1": 0.72, "Vitriflaq-2": 0.71, "Vitriflaq-3": 0.95,
  "Vitriflaq-4": 0.87, "Stemorilaq-1": 0.81
}

# Tanimoto-like similarity in motif-vector space (proxy)
Function TanimotoLike(x,y):
  num = dot(x,y)
  den = norm2(x)^2 + norm2(y)^2 - dot(x,y)
  return num / max(den, epsilon)

# Similarity kernel / overlap interpretation (Figure 11)
# Optionally interpret S_ij ≈ |<ψ_i|ψ_j>|^2 with |<ψ_i|ψ_j>| = sqrt(T_ij)

================================================================================
C) FIGURE 1 PIPELINE — IRI CHEMISTRY + FUNCTIONAL READOUTS + QW OVERLAYS
================================================================================

# Figure 1 says: preserve 3 source panels (scaffold; IRI/MGS panel; colony recovery panel)
# then add under each:
#   (i) geometrized graph of salient features
#   (ii) quantum-walk transport polygraph comparing CTQW to diffusion baseline
# Bottom spine: stats → graph algebra → permutation-equivariant quantum kernel/flow → transport readouts

Function BuildFigure1Composite(Panel_scaffold, Panel_IRI_MGS, Panel_colony):
  F1 = Artifact(type="figure", id="Fig1", payload={Panel_scaffold, Panel_IRI_MGS, Panel_colony})

  For each Panel in [Panel_scaffold, Panel_IRI_MGS, Panel_colony]:
     G = GeometrizePanelToGraph(Panel)         # nodes=salient structural/diagrammatic features
     PG = MakeTransportPolygraph(G)            # CTQW vs diffusion; return prob + entropy proxy
     Attach(F1, [G, PG])

  Spine = BuildStatsGraphTransportSpine(context="IRI + post-thaw function")
  Circuit = BuildPermutationEquivariantQWalkCircuitSchematic(label="Fig1 circuit")
  Attach(F1, [Spine, Circuit])

  return F1

Function GeometrizePanelToGraph(Panel):
  # Deterministic feature extraction rules (no hand-waving):
  # nodes: (a) functional groups, (b) assay labels, (c) key structures, (d) outcome labels
  # edges: contact-supported couplings / adjacency in the diagram (bond, arrow, grouping, proximity)
  nodes = ExtractSalientNodes(Panel)
  edges = ExtractSupportedEdges(Panel)
  W = WeightEdges(edges, scheme="contact+semantic proximity")
  return Artifact(type="graph", payload={V:nodes, E:edges, W:W})

Function MakeTransportPolygraph(G):
  # CTQW generator on the same graph
  A = Adjacency(G)
  L = Laplacian(G)
  H = γ*L + Σ_k α_k |k><k|       # diagonal terms encode buffering/inhibition/highlights
  # diffusion baseline
  p(t) = exp(-t L) p(0)
  # quantum
  |ψ(t)> = exp(-i t H) |ψ(0)>
  P_return(t) = |<ψ(0)|ψ(t)>|^2
  S_entropy(t) = -Σ_v P(v,t) log P(v,t)
  return Artifact(type="transport_polygraph", payload={P_return(t), S_entropy(t), diffusion_baseline})

================================================================================
D) FIGURE 2 PIPELINE — 3×3 PATHWAY GRID AS NETWORK TRANSPORT (CTQW UNIFIER)
================================================================================

# Figure 2: each panel: top=biochemical circuit, bottom=CTQW dynamics
# H=A + Σ α_k |k><k|; entangled substitutions for complexes
# Time-dependent H(t) allowed (stress release)
# Includes mini-relations ledger (occupancy/brakes/thresholds/cooperativity)

Pathways = [
  "BCL2_BH3_sequestration", "tBID_BAK_activation", "XIAP_braKE",   # top row: apoptosis
  "VCAM1_integrin_Nat_block","NANOG_core","OCT4_enhanceosome",     # middle row: adhesion + stemness
  "IFNg_STAT1_promoter","HSF1_stress_release","RIPK1_RIPK3_necroptosis"  # bottom row
]

MiniRelations = {
  "BH3_competitive_occupancy": θ = [L]/([L]+K_d*(1+[M]/K_dM)),
  "XIAP_braked_throughput": v ∝ 1/(1+[XIAP]/K_I),
  "MOMP_threshold": Φ_MOMP > 0,
  "Adhesion_blockade": f_block=[Nat]/(K_d+[Nat]),
  "NANOG_cooperativity": Θ = 1 - Π_i (1-θ_i),
  "OCT4_gain": E = A^n/(K^n + A^n),
  "STAT1_braked_burst": F = (1 + α*IFN/(K+IFN))/B,
  "HSF1_load_ledger": <Z> = cos(φ),
  "Necro_bias": R = λ_necro/λ_apop
}

Function BuildFigure2Grid(PathwayPanels[9]):
  F2 = Artifact(type="figure", id="Fig2", payload=PathwayPanels)

  For each pathway p in Pathways:
     Gp = BuildRegulatoryGraphFromSchematic(PathwayPanels[p])
     Hp = BuildHamiltonianFromGraph(Gp, p)             # add diagonal stabilizers/blockades
     Ωp = OptionalEntangledSubspaces(Gp, p)            # complexes → correlated subspaces
     PGp = SimulateCTQWandDiffusion(Gp, Hp)            # P_return(t), entropy, node probs
     Attach(F2, [Gp, Hp, PGp])

  Attach(F2, Artifact(type="ledger", payload=MiniRelations))
  return F2

Function BuildHamiltonianFromGraph(G, pathway_id):
  A = Adjacency(G)  # activation/inhibition encoded as signed/weighted adjacency
  # diagonal projectors for dominant hubs / drug blocks / stabilizers
  diag_terms = IdentifyDominantRegulators(pathway_id)
  H = A + Σ_k α_k |k><k|  # α_k >0 reinforcement; α_k <0 damping (convention declared)
  If pathway_id == "HSF1_stress_release":
     H = H(t) with sudden edge/diagonal change at t = t_stress_release
  return H

Function OptionalEntangledSubspaces(G, pathway_id):
  # Replace product states of cooperative motifs with entangled combinations
  For each cooperative pair (i,j) in IdentifyComplexes(G):
     |Φ_ij> = (|i>|j> + |j>|i>)/sqrt(2)
     PromoteToSubspace(|Φ_ij>)
  return "entanglement_map"

================================================================================
E) FIGURES 3–5 PIPELINE — STATS→GRAPH→TRANSPORT FOR FT TOLERANCE + AFP
================================================================================

# Figures 3–4: DaMDHAR FT2 tolerance
# Preserve source panels; add quantum graph + polygraph under each; bottom spine + circuit
# Include normalized Laplacian L_sym and fidelity kernel cos^2(d_FS)

Function BuildStatsGraphTransportComposite(SourcePanels, context):
  F = Artifact(type="figure", payload={context, SourcePanels})

  # 1) DE / batch correction stage (symbolic; actual pipeline depends on data availability)
  counts = LoadCounts(context)                                 # if available
  counts_corr = ComBatSeq(counts) or DESeq2Normalize(counts)   # as declared
  DE = DifferentialExpression(counts_corr, thresholds={FDR, |log2FC|})
  Attach(F, Artifact(type="stats", payload={counts_corr, DE}))

  # 2) Network construction (STRING-weighted PPI etc.)
  W = BuildWeightedAdjacency(DE, source="STRING-weighted or gene network")
  L = LaplacianFromAdjacency(W)
  L_sym = D^-1/2 (D-W) D^-1/2
  modularity = CommunityModularity(W)
  Attach(F, Artifact(type="graph_algebra", payload={W,L,L_sym,modularity}))

  # 3) Symmetry audit
  SymAudit = PermutationAudit(L_sym)    # ensure spectrum invariance under relabeling
  Attach(F, SymAudit)

  # 4) Transport readouts
  PG = MakeTransportPolygraph( GraphObjFrom(W) )
  Attach(F, PG)

  # 5) Kernel / fidelity proxy
  k(x,x') = cos^2( d_FS(x,x') )
  Attach(F, Artifact(type="kernel", payload={k}))

  # 6) Permutation-equivariant circuit schematic
  Circuit = BuildPermutationEquivariantQWalkCircuitSchematic(label=context)
  Attach(F, Circuit)

  return F

# Figure 5 AFP: class graph (fish, bacteria, fungi/yeast, insect, diatom, plant) + TH/IRI
Function BuildAFPComposite(AFP_Panels):
  # preserve top mechanism panels; bottom add stats plot size vs TH + condensed graph + transport heatmap
  F5 = Artifact(type="figure", id="Fig5", payload=AFP_Panels)

  # empirical scaffold
  Data = LoadAFPTableSubset()    # TH, size, class labels, conditions if present
  Attach(F5, Artifact(type="stats", payload=Data))

  # source-level similarity graph from table-driven affinity proxy
  nodes = AFPClasses = ["fish","bacteria","fungi/yeast","insect","diatom","plant"]
  W = BuildAffinityFromPhenotype(Data, nodes)
  G = GraphObjFrom(W)
  PG = MakeTransportPolygraph(G)
  Heatmap = AvgTransitionHeatmap(PG, symmetry_audited=True)
  Circuit = BuildPermutationEquivariantQWalkCircuitSchematic(label="AFP QWalk")
  Attach(F5, [G, PG, Heatmap, Circuit])

  return F5

================================================================================
F) FIGURE 6–7 PIPELINE — AUDITABLE QUANTUM READOUT STACK (MODE-COMPOSABLE)
================================================================================

# Figure 6: single-entry pipeline with four modules:
# (A) CHSH-echo entanglement certificate (Mode 000)
# (B) DTQW + Grover on feasible action/cocktail surface (Mode 010)
# (C) teleportation handoff
# (D) Ramsey ΔG phase-ledger (Mode 100)

Function CHSH_Echo_Certificate(shots):
  Prepare |Φ+> = (|00>+|11>)/sqrt(2)
  Apply symmetric Rz(ε) dithers; phase reference taps via q_ref
  For settings (θA,θB) in {(0,π/4),(0,-π/4),(π/2,π/4),(π/2,-π/4)}:
     Rotate bases Ry(-θA), Ry(-θB)
     Measure Z⊗Z counts: N00,N01,N10,N11
     E = ((N00+N11)-(N01+N10))/Ntotal
  S_CHSH = E_AB + E_AB' + E_A'B - E_A'B'
  Pass if |S_CHSH| > 2 AND phase_stability_ok
  return Certificate(payload={E_terms,S_CHSH,counts,pass_fail})

Function DTQW_Grover_Search(FeasibleGraph, oracle_predicate χ, k_steps, T_walk):
  # coined DTQW on admissible actions / cocktails under guardrails
  Initialize |s> uniform over feasible positions
  For t in 1..T_walk:
     Apply coin C (e.g., H)
     Apply conditional shift S on graph
  # marking + amplification
  Oracle O marks χ (good region)
  Diffusion D = 2|s><s| - I
  Repeat k times: Q = D O
  Measure distribution over positions -> ranked candidates
  return Artifact(type="search_trace", payload={hist_pos, top_hits, k_steps, T_walk})

Function Teleportation_Handoff(|ψ_selected>, EPR_pair):
  Bell-measure (m1,m2) on source + half EPR
  Apply X^m2 Z^m1 correction to destination
  Log (m1,m2) + downstream verification channel
  return Artifact(type="handoff_log", payload={m1,m2,verify})

Function Ramsey_Phase_Ledger(ΔH, ΔS_conf, ΔG_solv, ΔG_strain, coeffs kH,kS,kQ,kT):
  φ = kH*ΔH - kS*ΔS_conf + kQ*ΔG_solv + kT*ΔG_strain
  Run H → Rz(φ) → H
  Measure <Z> = cos(φ)  (equiv P1 = sin^2(φ/2))
  Contrast C = (1 - cos(φ))/2
  Provide metrological bound: Var(φ_hat) ≥ 1/(ν*FQ), FQ = 4 Var(G)
  return Artifact(type="phase_ledger", payload={φ,<Z>,C,FQ,bounds})

# Figure 7 “MegaAnastasis consensus”: conserved scaffold grammar + quantized geometry + mode-selectable readouts
Function MegaAnastasisConsensusDashboard(DesignSet, MotifVectors, SimilarityKernel):
  # 1) Scaffold grammar constraints (hub → amide → poly-ether ladder → sulfoxide cap)
  Grammar = DefineConservedMotifGrammar()

  # 2) Similarity / hypergeometric enrichment
  For designs i,j:
     T_ij = TanimotoLike(MotifVector[i], MotifVector[j]) or declared proxy (pHash)
  A_ij = T_ij^γ (i≠j), A_ii=0
  L = D - A; compute spectrum {λm}, focus λ2 + Fiedler vector

  # 3) Mode-selectable quantum readouts (CHSH, DTQW+Grover, Ramsey ledger)
  return Artifact(type="dashboard", payload={Grammar,T_matrix,A,L,spectrum,mode_modules})

================================================================================
G) FIGURES 8–16 PIPELINE — HYPERGEOMETRIZED EQUIVALENCE + PERMITTED-GEOMETRY MATCHING
================================================================================

# Figures 8–15: motif polygons, similarity matrix, entanglement-proxy graph, Laplacian spectrum
# Figure 16a–c: explicit graph queries ↔ chemical candidates + pHash heatmap + bipartite top-2 ledger

Function BuildHyperGeometrizedEquivalence(DesignSet):
  # 1) motif polygon vectors x_i in [0,1]^7
  x_i = NormalizeMotifVector(MotifVector[i])
  # 2) similarity matrix
  S_ij = TanimotoLike(x_i, x_j)   # or declared proxy similarity operator
  # 3) adjacency + Laplacian
  A_ij = S_ij (i≠j), A_ii=0
  L = D - A
  # 4) proxy cryoprotectant score (penalize Hydro)
  C_i = σ( α·x_i - β*x_i[Hydro] )
  return Artifact(type="equivalence_map", payload={x,S,A,L,C})

Function PermittedGeometryMatching(QueryGraphs, CandidateChemistries, Similarity="pHash"):
  # Figure 16b: publish full matrix for auditability
  For each query q in QueryGraphs:
    For each candidate c in CandidateChemistries:
      s[q,c] = ProxySimilarity(q, c, method=Similarity)  # e.g., pHash-derived
  Heatmap = Artifact(type="heatmap", payload={s})
  # Figure 16c: top-2 disclosure rule
  Bipartite = {}
  For each q:
    top2 = ArgTopK(s[q,*], k=2)
    Bipartite[q] = top2 with weights
  Ledger = Artifact(type="bipartite_top2", payload={Bipartite, rule:"top-2"})
  return [Heatmap, Ledger]

================================================================================
H) FIGURE 18 PIPELINE — DOCKING LEDGER → PERMITTED GEOMETRY → SYMMETRY-AWARE RANKING
================================================================================

Function DockingLedgerToRanking(PoseAtlas, ResidueEnergyLedger):
  # residue fingerprints define similarity by contact architecture, not scalar rank
  fingerprints = ExtractResidueFingerprints(ResidueEnergyLedger)
  Cluster = HierarchicalCluster(fingerprints)
  # permitted geometry from motif proximity
  w_ij = exp(-d_ij^2/(2σ^2))  # declared; d_ij derived from fingerprint distance or motif geometry
  L = D - A(w)
  SymmetryCheck: L' = Pπ L Pπ^T preserves spectrum
  # connect to survival kinetics + phase ledger
  return Artifact(type="docking_symmetry_rank", payload={fingerprints,Cluster,w,L,spectrum})

================================================================================
I) FLOW CYTOMETRY ARTIFACTS (FlowCyto1/2) AS RUN-EVIDENCE
================================================================================

Function ParseFlowCytometryReport(FlowReport):
  # Maintain as auditable artifact: gating map + bead QC + viability gate
  gates = ExtractGates(FlowReport)   # leukocytes, lymphocytes, viable, CD34+, CD45dim, beads
  bead_ok = CheckBeadStability(gates["CAL980"])
  viability_ok = EvaluateViabilityGate(gates["7-AAD"])
  return Artifact(type="flow_gating", payload={gates, bead_ok, viability_ok})

AttachFlowEvidenceToRun(run_id, FlowReport):
  gating_artifact = ParseFlowCytometryReport(FlowReport)
  RunData[run_id].flow = gating_artifact
  return gating_artifact

================================================================================
J) RUN SCORING (BIOLOGY + PHYSICS + CLINICAL) — SAME AS PRIOR, EXTENDED
================================================================================

Function ComputeBioScore(run):
  S = RunData[run].S_thaw_corrected if exists else RunData[run].viability_percent/100
  eta = RunData[run].eta_function
  Score = S * eta
  g = Score / Score0
  deltaS = S - S0
  Gate_survival_uplift = (deltaS >= SURV_UPLIFT_MIN)
  Gate_effective_gain  = (g >= G_MIN)
  Gate_function_uplift  = (eta is meaningfully > eta0)    # numeric rule optional
  Lymph_ok = (RunData[run].lymphocyte_fraction >= LYMPH_SOFT_MIN)
  return {S,eta,Score,g,deltaS,Gate_survival_uplift,Gate_effective_gain,Gate_function_uplift,Lymph_ok}

Function EvaluatePhysicalPass(run):
  # unchanged: fast traverse Tg±15°C, D_pi, buffer corridor
  if missing telemetry → "UNKNOWN"
  else compute phys PASS/FAIL with reasons
  return phys_record

Function PredictedDeltaEngraft(run):
  # site-calibrated logistic mapping from Deff/kg
  # Deff = D0 * S * eta * X_expansion
  return ΔP_eng_abs

Function FinalDecision(run):
  bio = ComputeBioScore(run)
  phys= EvaluatePhysicalPass(run)
  clin_pass = (bio.g >= G_MIN) AND (PredictedDeltaEngraft(run) >= 0.05)
  bio_pass  = bio.Gate_survival_uplift AND bio.Gate_function_uplift AND bio.Gate_effective_gain
  if phys.status == "UNKNOWN": return "HOLD"
  if phys.status=="PASS" AND bio_pass AND clin_pass: return "PASS"
  else: return "FAIL"

================================================================================
K) FIGURE 19–20 PIPELINE — COMPOSITE RANKING + MEGAANASTASIS MICROSCOPY → CIRCUIT
================================================================================

# Figure 19: rank runs by HPC%, CD34%, Viability%, composite z-score weights (HPC 50, CD34 30, Viability 20)
Function CompositeRanking(Runs):
  metrics = {}
  For run in Runs:
     metrics[run].HPC_pct = RunData[run].HPC_fraction
     metrics[run].CD34_pct= RunData[run].CD34_fraction
     metrics[run].Viab_pct= RunData[run].viability_percent
     metrics[run].Lymph_pct=RunData[run].lymphocyte_fraction
  z = Zscore(metrics across runs)
  Composite = 0.50*z.HPC + 0.30*z.CD34 + 0.20*z.Viab
  Return ranked list + full bar-chart ledger artifact (not winner-only)

# Figure 20: microscopy stratigraphy + GHZ/Grover/Ramsey readout stack + permutation residual
Function MegaAnastasisMicroscopyToCircuit(MicroscopySeries):
  Features = ExtractMotifEvidenceFromImages(MicroscopySeries)   # actin rims, mito puncta, nuclear order, etc.
  # symmetry layer
  For permutation π of interchangeable motifs:
     ε_π = ||f(x) - Pπ f(Pπ^T x)|| / ||f(x)||
  # circuit: GHZ resource → U_enc(x) → (Sχ D)^k → Ramsey ledger
  Circuit = BuildMegaAnastasisCircuit(Features)
  return Artifact(type="megaanastasis_plate", payload={Features, ε_π, Circuit})

================================================================================
L) FINAL OUTPUTS (SOP-STYLE LEDGER + FIGURE-COMPATIBLE DERIVATIONS)
================================================================================

Function ProduceReleasePacket(Runs):
  Packet = {}
  For run in Runs:
     bio  = ComputeBioScore(run)
     phys = EvaluatePhysicalPass(run)
     dec  = FinalDecision(run)
     Packet[run] = {bio, phys, decision:dec, media:MediaBOM[run], flow:RunData[run].flow}
  # Include: full similarity matrices, heatmaps, bipartite top-2, spectra, CHSH certs, phase ledgers
  Packet.audit = CollectAllArtifactsAndProvenance()
  return Packet

END
PSEUDOCODE — ANASTASIS Unified “Stats → Graph → Symmetry-Aware Transport” Framework
Enriched with Figure 1–20 narrative objects + media BOM + chemistry-family hypergeometrized design layer
(7HPCSA.PRO + vitrification/devitrification control chemistry + quantum-walk overlays)

================================================================================
A) GLOBAL OBJECT MODEL (FIGURES AS FIRST-CLASS AUDIT ARTIFACTS)
================================================================================

Define Artifact types (immutable, hashable, replayable):

Artifact := {
  id, type, source, timestamp,
  payload,            # raw figure panel, table, report image, or structured data
  derived_objects[],  # graphs, matrices, polygraphs, kernels, certificates
  provenance[]        # deterministic transform log
}

FigurePanel := Artifact with type="figure_panel"
Table       := Artifact with type="table"
FlowReport  := Artifact with type="flow_cytometry"
RunRecord   := Artifact with type="run_record"
GraphObj    := Artifact with type="graph"
PolyGraph   := Artifact with type="transport_polygraph"
Circuit     := Artifact with type="circuit_schematic"
Certificate := Artifact with type="certificate"

Core reproducibility contract:
- Every derived object references an explicit parent Artifact.id
- Every scoring/ranking output references explicit derived object ids
- No “winner-only” outputs without the full ledger (heatmap/matrix + margins)

================================================================================
B) INPUTS (RUNS, FIGURE SOURCES, MEDIA, DESIGN LIBRARY)
================================================================================

RUNS = ["ANASTASIS1","ANASTASIS2","ANASTASIS5","ANASTASIS9","ANASTASIS10"]

# Baseline reference
S0 = 0.937
eta0 = 0.0020
Score0 = S0 * eta0

# Hard gates
SURV_UPLIFT_MIN = +0.05
G_MIN = 1.25

# Soft guardrail
LYMPH_SOFT_MIN = 0.15

# Physical guardrails (full PASS requires telemetry)
MIN_WARM_RATE_IN_BAND = 30   # °C/min across Tg±15°C
OSM_TARGET = 290
OSM_TOL    = 15
PH_LOW     = 7.20
PH_HIGH    = 7.40
IONIC_TARGET=0.155           # M
DPI_MAX    = 32              # Osm·s

----------------------------------------------------------------------
B1) MEDIA BILL-OF-MATERIALS (Tables 1–5 + Table X as structured inputs)
----------------------------------------------------------------------

MediaBOM["ANASTASIS1"] = {
  thaw: { DMSO: "10% v/v", base_medium: "serum-free HSPC medium" },
  sustain: { SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.30±0.05", osm:"320±15 mOsm/kg" },
  readouts: ["AnnexinV/7-AAD","ISHAGE CD34 abs","CD34+CD90+CD45RA-","CFU spectrum"]
}

MediaBOM["ANASTASIS2"] = {
  thaw: { DMSO:"10%", Trehalose:"100 mM", Iohexol:"3% w/v", Rotigaptide:"1 µM",
          DADLE:"10 µM", MetEnk:"10 µM", Silibinin:"2 µM", Acteoside:"1 µM", FAD:"0.1 mM" },
  sustain: { UM171:"35 nM", SR1:"750 nM", Rotigaptide:"0.5 µM", DADLE:"5 µM",
             MetEnk:"5 µM", Silibinin:"1 µM", Acteoside:"1 µM", FAD:"0.1 mM",
             SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.30", osm:"325 mOsm/kg" },
  readouts: ["Flow/CFU endpoints","D7 live CD34+ yield"]
}

MediaBOM["ANASTASIS5"] = {
  thaw: { DMSO:"10%", Disaccharide:"0.30 M", HPbCD:"2 mM", CapryloylSucrose:"0.01% w/v",
          Ligand:"Vitriflaq-3 (Tre-O-glycoside + UM171-like arm concept)" },
  sustain: { UM171:"50 nM", SR1:"0.90 µM", Nicotinamide:"5 mM", dmPGE2:"500 nM",
             SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.32", osm:"330 mOsm/kg", O2:"5% frame" },
  readouts: ["Flow/CFU endpoints"]
}

MediaBOM["ANASTASIS9"] = {
  thaw: { DMSO:"10%", Trehalose:"100 mM", Iohexol:"2.5% w/v", Silibinin:"2 µM",
          DADLE:"10 µM", Rotigaptide:"1 µM", NADplus:"0.2 mM" },
  sustain: { UM171:"35 nM", SR1:"750 nM", DADLE:"5 µM", MMF:"0.5 µM", DexMSB:"100 nM",
             NADplus_or_FAD:"0.1 mM", SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.30", osm:"325–340 mOsm/kg" },
  readouts: ["Annexin/7-AAD","ISHAGE CD34 abs","CD34+CD90+CD45RA-","CFU"]
}

MediaBOM["ANASTASIS10"] = {
  thaw: { DMSO:"10%", Disaccharide:"0.30 M", RebA:"1 mM", Pantethine:"100 µM",
          ThiamineDisulfide:"100 µM", PEA:"2 µM", AsiaticAcid:"1 µM",
          AmphPhosphonate:"3 µM", Ligand:"Vitriflaq-4 (dmPGE-like ester appendage)" },
  sustain: { UM171:"50 nM", SR1:"0.75 µM", Nicotinamide:"5 mM", dmPGE2:"500 nM",
             Sulprostone:"250 nM", Sirolimus:"5 nM", Rg1:"1 µM",
             SCF:"50 ng/mL", TPO:"50 ng/mL", FLT3L:"50 ng/mL" },
  nominal: { pH:"7.33", osm:"330–340 mOsm/kg", O2:"5% frame" },
  readouts: ["Flow/CFU endpoints","D1 ROS/Δψm"]
}

----------------------------------------------------------------------
B2) DESIGN LIBRARY + MOTIF VECTORS (Table 1; Figures 7–15, 8–14)
----------------------------------------------------------------------

MotifAxes = ["Hub","PEG","Amide","Polyol","Cap","Hydro","Het"]   # 7-axis motif polygon basis

DesignSet = ["CONS","Vitriflaq-1","Vitriflaq-2","Vitriflaq-3","Vitriflaq-4","Stemorilaq-1"]

MotifVector["Vitriflaq-1"] = [1,1,1,0,0,0,0]
MotifVector["Vitriflaq-2"] = [1,1,1,0,0,0,0]
MotifVector["Vitriflaq-3"] = [1,1,1,1,1,0,0]
MotifVector["Vitriflaq-4"] = [1,1,1,0,1,1,0]
MotifVector["Stemorilaq-1"]= [1,1,1,0,1,0,1]

ProxyScore_Cryo["Vitriflaq-1"]=0.00
ProxyScore_Cryo["Vitriflaq-2"]=0.00
ProxyScore_Cryo["Vitriflaq-3"]=1.00
ProxyScore_Cryo["Vitriflaq-4"]=0.09
ProxyScore_Cryo["Stemorilaq-1"]=0.36

T_CONS_X = {
  "Vitriflaq-1": 0.72, "Vitriflaq-2": 0.71, "Vitriflaq-3": 0.95,
  "Vitriflaq-4": 0.87, "Stemorilaq-1": 0.81
}

# Tanimoto-like similarity in motif-vector space (proxy)
Function TanimotoLike(x,y):
  num = dot(x,y)
  den = norm2(x)^2 + norm2(y)^2 - dot(x,y)
  return num / max(den, epsilon)

# Similarity kernel / overlap interpretation (Figure 11)
# Optionally interpret S_ij ≈ |<ψ_i|ψ_j>|^2 with |<ψ_i|ψ_j>| = sqrt(T_ij)

================================================================================
C) FIGURE 1 PIPELINE — IRI CHEMISTRY + FUNCTIONAL READOUTS + QW OVERLAYS
================================================================================

# Figure 1 says: preserve 3 source panels (scaffold; IRI/MGS panel; colony recovery panel)
# then add under each:
#   (i) geometrized graph of salient features
#   (ii) quantum-walk transport polygraph comparing CTQW to diffusion baseline
# Bottom spine: stats → graph algebra → permutation-equivariant quantum kernel/flow → transport readouts

Function BuildFigure1Composite(Panel_scaffold, Panel_IRI_MGS, Panel_colony):
  F1 = Artifact(type="figure", id="Fig1", payload={Panel_scaffold, Panel_IRI_MGS, Panel_colony})

  For each Panel in [Panel_scaffold, Panel_IRI_MGS, Panel_colony]:
     G = GeometrizePanelToGraph(Panel)         # nodes=salient structural/diagrammatic features
     PG = MakeTransportPolygraph(G)            # CTQW vs diffusion; return prob + entropy proxy
     Attach(F1, [G, PG])

  Spine = BuildStatsGraphTransportSpine(context="IRI + post-thaw function")
  Circuit = BuildPermutationEquivariantQWalkCircuitSchematic(label="Fig1 circuit")
  Attach(F1, [Spine, Circuit])

  return F1

Function GeometrizePanelToGraph(Panel):
  # Deterministic feature extraction rules (no hand-waving):
  # nodes: (a) functional groups, (b) assay labels, (c) key structures, (d) outcome labels
  # edges: contact-supported couplings / adjacency in the diagram (bond, arrow, grouping, proximity)
  nodes = ExtractSalientNodes(Panel)
  edges = ExtractSupportedEdges(Panel)
  W = WeightEdges(edges, scheme="contact+semantic proximity")
  return Artifact(type="graph", payload={V:nodes, E:edges, W:W})

Function MakeTransportPolygraph(G):
  # CTQW generator on the same graph
  A = Adjacency(G)
  L = Laplacian(G)
  H = γ*L + Σ_k α_k |k><k|       # diagonal terms encode buffering/inhibition/highlights
  # diffusion baseline
  p(t) = exp(-t L) p(0)
  # quantum
  |ψ(t)> = exp(-i t H) |ψ(0)>
  P_return(t) = |<ψ(0)|ψ(t)>|^2
  S_entropy(t) = -Σ_v P(v,t) log P(v,t)
  return Artifact(type="transport_polygraph", payload={P_return(t), S_entropy(t), diffusion_baseline})

================================================================================
D) FIGURE 2 PIPELINE — 3×3 PATHWAY GRID AS NETWORK TRANSPORT (CTQW UNIFIER)
================================================================================

# Figure 2: each panel: top=biochemical circuit, bottom=CTQW dynamics
# H=A + Σ α_k |k><k|; entangled substitutions for complexes
# Time-dependent H(t) allowed (stress release)
# Includes mini-relations ledger (occupancy/brakes/thresholds/cooperativity)

Pathways = [
  "BCL2_BH3_sequestration", "tBID_BAK_activation", "XIAP_braKE",   # top row: apoptosis
  "VCAM1_integrin_Nat_block","NANOG_core","OCT4_enhanceosome",     # middle row: adhesion + stemness
  "IFNg_STAT1_promoter","HSF1_stress_release","RIPK1_RIPK3_necroptosis"  # bottom row
]

MiniRelations = {
  "BH3_competitive_occupancy": θ = [L]/([L]+K_d*(1+[M]/K_dM)),
  "XIAP_braked_throughput": v ∝ 1/(1+[XIAP]/K_I),
  "MOMP_threshold": Φ_MOMP > 0,
  "Adhesion_blockade": f_block=[Nat]/(K_d+[Nat]),
  "NANOG_cooperativity": Θ = 1 - Π_i (1-θ_i),
  "OCT4_gain": E = A^n/(K^n + A^n),
  "STAT1_braked_burst": F = (1 + α*IFN/(K+IFN))/B,
  "HSF1_load_ledger": <Z> = cos(φ),
  "Necro_bias": R = λ_necro/λ_apop
}

Function BuildFigure2Grid(PathwayPanels[9]):
  F2 = Artifact(type="figure", id="Fig2", payload=PathwayPanels)

  For each pathway p in Pathways:
     Gp = BuildRegulatoryGraphFromSchematic(PathwayPanels[p])
     Hp = BuildHamiltonianFromGraph(Gp, p)             # add diagonal stabilizers/blockades
     Ωp = OptionalEntangledSubspaces(Gp, p)            # complexes → correlated subspaces
     PGp = SimulateCTQWandDiffusion(Gp, Hp)            # P_return(t), entropy, node probs
     Attach(F2, [Gp, Hp, PGp])

  Attach(F2, Artifact(type="ledger", payload=MiniRelations))
  return F2

Function BuildHamiltonianFromGraph(G, pathway_id):
  A = Adjacency(G)  # activation/inhibition encoded as signed/weighted adjacency
  # diagonal projectors for dominant hubs / drug blocks / stabilizers
  diag_terms = IdentifyDominantRegulators(pathway_id)
  H = A + Σ_k α_k |k><k|  # α_k >0 reinforcement; α_k <0 damping (convention declared)
  If pathway_id == "HSF1_stress_release":
     H = H(t) with sudden edge/diagonal change at t = t_stress_release
  return H

Function OptionalEntangledSubspaces(G, pathway_id):
  # Replace product states of cooperative motifs with entangled combinations
  For each cooperative pair (i,j) in IdentifyComplexes(G):
     |Φ_ij> = (|i>|j> + |j>|i>)/sqrt(2)
     PromoteToSubspace(|Φ_ij>)
  return "entanglement_map"

================================================================================
E) FIGURES 3–5 PIPELINE — STATS→GRAPH→TRANSPORT FOR FT TOLERANCE + AFP
================================================================================

# Figures 3–4: DaMDHAR FT2 tolerance
# Preserve source panels; add quantum graph + polygraph under each; bottom spine + circuit
# Include normalized Laplacian L_sym and fidelity kernel cos^2(d_FS)

Function BuildStatsGraphTransportComposite(SourcePanels, context):
  F = Artifact(type="figure", payload={context, SourcePanels})

  # 1) DE / batch correction stage (symbolic; actual pipeline depends on data availability)
  counts = LoadCounts(context)                                 # if available
  counts_corr = ComBatSeq(counts) or DESeq2Normalize(counts)   # as declared
  DE = DifferentialExpression(counts_corr, thresholds={FDR, |log2FC|})
  Attach(F, Artifact(type="stats", payload={counts_corr, DE}))

  # 2) Network construction (STRING-weighted PPI etc.)
  W = BuildWeightedAdjacency(DE, source="STRING-weighted or gene network")
  L = LaplacianFromAdjacency(W)
  L_sym = D^-1/2 (D-W) D^-1/2
  modularity = CommunityModularity(W)
  Attach(F, Artifact(type="graph_algebra", payload={W,L,L_sym,modularity}))

  # 3) Symmetry audit
  SymAudit = PermutationAudit(L_sym)    # ensure spectrum invariance under relabeling
  Attach(F, SymAudit)

  # 4) Transport readouts
  PG = MakeTransportPolygraph( GraphObjFrom(W) )
  Attach(F, PG)

  # 5) Kernel / fidelity proxy
  k(x,x') = cos^2( d_FS(x,x') )
  Attach(F, Artifact(type="kernel", payload={k}))

  # 6) Permutation-equivariant circuit schematic
  Circuit = BuildPermutationEquivariantQWalkCircuitSchematic(label=context)
  Attach(F, Circuit)

  return F

# Figure 5 AFP: class graph (fish, bacteria, fungi/yeast, insect, diatom, plant) + TH/IRI
Function BuildAFPComposite(AFP_Panels):
  # preserve top mechanism panels; bottom add stats plot size vs TH + condensed graph + transport heatmap
  F5 = Artifact(type="figure", id="Fig5", payload=AFP_Panels)

  # empirical scaffold
  Data = LoadAFPTableSubset()    # TH, size, class labels, conditions if present
  Attach(F5, Artifact(type="stats", payload=Data))

  # source-level similarity graph from table-driven affinity proxy
  nodes = AFPClasses = ["fish","bacteria","fungi/yeast","insect","diatom","plant"]
  W = BuildAffinityFromPhenotype(Data, nodes)
  G = GraphObjFrom(W)
  PG = MakeTransportPolygraph(G)
  Heatmap = AvgTransitionHeatmap(PG, symmetry_audited=True)
  Circuit = BuildPermutationEquivariantQWalkCircuitSchematic(label="AFP QWalk")
  Attach(F5, [G, PG, Heatmap, Circuit])

  return F5

================================================================================
F) FIGURE 6–7 PIPELINE — AUDITABLE QUANTUM READOUT STACK (MODE-COMPOSABLE)
================================================================================

# Figure 6: single-entry pipeline with four modules:
# (A) CHSH-echo entanglement certificate (Mode 000)
# (B) DTQW + Grover on feasible action/cocktail surface (Mode 010)
# (C) teleportation handoff
# (D) Ramsey ΔG phase-ledger (Mode 100)

Function CHSH_Echo_Certificate(shots):
  Prepare |Φ+> = (|00>+|11>)/sqrt(2)
  Apply symmetric Rz(ε) dithers; phase reference taps via q_ref
  For settings (θA,θB) in {(0,π/4),(0,-π/4),(π/2,π/4),(π/2,-π/4)}:
     Rotate bases Ry(-θA), Ry(-θB)
     Measure Z⊗Z counts: N00,N01,N10,N11
     E = ((N00+N11)-(N01+N10))/Ntotal
  S_CHSH = E_AB + E_AB' + E_A'B - E_A'B'
  Pass if |S_CHSH| > 2 AND phase_stability_ok
  return Certificate(payload={E_terms,S_CHSH,counts,pass_fail})

Function DTQW_Grover_Search(FeasibleGraph, oracle_predicate χ, k_steps, T_walk):
  # coined DTQW on admissible actions / cocktails under guardrails
  Initialize |s> uniform over feasible positions
  For t in 1..T_walk:
     Apply coin C (e.g., H)
     Apply conditional shift S on graph
  # marking + amplification
  Oracle O marks χ (good region)
  Diffusion D = 2|s><s| - I
  Repeat k times: Q = D O
  Measure distribution over positions -> ranked candidates
  return Artifact(type="search_trace", payload={hist_pos, top_hits, k_steps, T_walk})

Function Teleportation_Handoff(|ψ_selected>, EPR_pair):
  Bell-measure (m1,m2) on source + half EPR
  Apply X^m2 Z^m1 correction to destination
  Log (m1,m2) + downstream verification channel
  return Artifact(type="handoff_log", payload={m1,m2,verify})

Function Ramsey_Phase_Ledger(ΔH, ΔS_conf, ΔG_solv, ΔG_strain, coeffs kH,kS,kQ,kT):
  φ = kH*ΔH - kS*ΔS_conf + kQ*ΔG_solv + kT*ΔG_strain
  Run H → Rz(φ) → H
  Measure <Z> = cos(φ)  (equiv P1 = sin^2(φ/2))
  Contrast C = (1 - cos(φ))/2
  Provide metrological bound: Var(φ_hat) ≥ 1/(ν*FQ), FQ = 4 Var(G)
  return Artifact(type="phase_ledger", payload={φ,<Z>,C,FQ,bounds})

# Figure 7 “MegaAnastasis consensus”: conserved scaffold grammar + quantized geometry + mode-selectable readouts
Function MegaAnastasisConsensusDashboard(DesignSet, MotifVectors, SimilarityKernel):
  # 1) Scaffold grammar constraints (hub → amide → poly-ether ladder → sulfoxide cap)
  Grammar = DefineConservedMotifGrammar()

  # 2) Similarity / hypergeometric enrichment
  For designs i,j:
     T_ij = TanimotoLike(MotifVector[i], MotifVector[j]) or declared proxy (pHash)
  A_ij = T_ij^γ (i≠j), A_ii=0
  L = D - A; compute spectrum {λm}, focus λ2 + Fiedler vector

  # 3) Mode-selectable quantum readouts (CHSH, DTQW+Grover, Ramsey ledger)
  return Artifact(type="dashboard", payload={Grammar,T_matrix,A,L,spectrum,mode_modules})

================================================================================
G) FIGURES 8–16 PIPELINE — HYPERGEOMETRIZED EQUIVALENCE + PERMITTED-GEOMETRY MATCHING
================================================================================

# Figures 8–15: motif polygons, similarity matrix, entanglement-proxy graph, Laplacian spectrum
# Figure 16a–c: explicit graph queries ↔ chemical candidates + pHash heatmap + bipartite top-2 ledger

Function BuildHyperGeometrizedEquivalence(DesignSet):
  # 1) motif polygon vectors x_i in [0,1]^7
  x_i = NormalizeMotifVector(MotifVector[i])
  # 2) similarity matrix
  S_ij = TanimotoLike(x_i, x_j)   # or declared proxy similarity operator
  # 3) adjacency + Laplacian
  A_ij = S_ij (i≠j), A_ii=0
  L = D - A
  # 4) proxy cryoprotectant score (penalize Hydro)
  C_i = σ( α·x_i - β*x_i[Hydro] )
  return Artifact(type="equivalence_map", payload={x,S,A,L,C})

Function PermittedGeometryMatching(QueryGraphs, CandidateChemistries, Similarity="pHash"):
  # Figure 16b: publish full matrix for auditability
  For each query q in QueryGraphs:
    For each candidate c in CandidateChemistries:
      s[q,c] = ProxySimilarity(q, c, method=Similarity)  # e.g., pHash-derived
  Heatmap = Artifact(type="heatmap", payload={s})
  # Figure 16c: top-2 disclosure rule
  Bipartite = {}
  For each q:
    top2 = ArgTopK(s[q,*], k=2)
    Bipartite[q] = top2 with weights
  Ledger = Artifact(type="bipartite_top2", payload={Bipartite, rule:"top-2"})
  return [Heatmap, Ledger]

================================================================================
H) FIGURE 18 PIPELINE — DOCKING LEDGER → PERMITTED GEOMETRY → SYMMETRY-AWARE RANKING
================================================================================

Function DockingLedgerToRanking(PoseAtlas, ResidueEnergyLedger):
  # residue fingerprints define similarity by contact architecture, not scalar rank
  fingerprints = ExtractResidueFingerprints(ResidueEnergyLedger)
  Cluster = HierarchicalCluster(fingerprints)
  # permitted geometry from motif proximity
  w_ij = exp(-d_ij^2/(2σ^2))  # declared; d_ij derived from fingerprint distance or motif geometry
  L = D - A(w)
  SymmetryCheck: L' = Pπ L Pπ^T preserves spectrum
  # connect to survival kinetics + phase ledger
  return Artifact(type="docking_symmetry_rank", payload={fingerprints,Cluster,w,L,spectrum})

================================================================================
I) FLOW CYTOMETRY ARTIFACTS (FlowCyto1/2) AS RUN-EVIDENCE
================================================================================

Function ParseFlowCytometryReport(FlowReport):
  # Maintain as auditable artifact: gating map + bead QC + viability gate
  gates = ExtractGates(FlowReport)   # leukocytes, lymphocytes, viable, CD34+, CD45dim, beads
  bead_ok = CheckBeadStability(gates["CAL980"])
  viability_ok = EvaluateViabilityGate(gates["7-AAD"])
  return Artifact(type="flow_gating", payload={gates, bead_ok, viability_ok})

AttachFlowEvidenceToRun(run_id, FlowReport):
  gating_artifact = ParseFlowCytometryReport(FlowReport)
  RunData[run_id].flow = gating_artifact
  return gating_artifact

================================================================================
J) RUN SCORING (BIOLOGY + PHYSICS + CLINICAL) — SAME AS PRIOR, EXTENDED
================================================================================

Function ComputeBioScore(run):
  S = RunData[run].S_thaw_corrected if exists else RunData[run].viability_percent/100
  eta = RunData[run].eta_function
  Score = S * eta
  g = Score / Score0
  deltaS = S - S0
  Gate_survival_uplift = (deltaS >= SURV_UPLIFT_MIN)
  Gate_effective_gain  = (g >= G_MIN)
  Gate_function_uplift  = (eta is meaningfully > eta0)    # numeric rule optional
  Lymph_ok = (RunData[run].lymphocyte_fraction >= LYMPH_SOFT_MIN)
  return {S,eta,Score,g,deltaS,Gate_survival_uplift,Gate_effective_gain,Gate_function_uplift,Lymph_ok}

Function EvaluatePhysicalPass(run):
  # unchanged: fast traverse Tg±15°C, D_pi, buffer corridor
  if missing telemetry → "UNKNOWN"
  else compute phys PASS/FAIL with reasons
  return phys_record

Function PredictedDeltaEngraft(run):
  # site-calibrated logistic mapping from Deff/kg
  # Deff = D0 * S * eta * X_expansion
  return ΔP_eng_abs

Function FinalDecision(run):
  bio = ComputeBioScore(run)
  phys= EvaluatePhysicalPass(run)
  clin_pass = (bio.g >= G_MIN) AND (PredictedDeltaEngraft(run) >= 0.05)
  bio_pass  = bio.Gate_survival_uplift AND bio.Gate_function_uplift AND bio.Gate_effective_gain
  if phys.status == "UNKNOWN": return "HOLD"
  if phys.status=="PASS" AND bio_pass AND clin_pass: return "PASS"
  else: return "FAIL"

================================================================================
K) FIGURE 19–20 PIPELINE — COMPOSITE RANKING + MEGAANASTASIS MICROSCOPY → CIRCUIT
================================================================================

# Figure 19: rank runs by HPC%, CD34%, Viability%, composite z-score weights (HPC 50, CD34 30, Viability 20)
Function CompositeRanking(Runs):
  metrics = {}
  For run in Runs:
     metrics[run].HPC_pct = RunData[run].HPC_fraction
     metrics[run].CD34_pct= RunData[run].CD34_fraction
     metrics[run].Viab_pct= RunData[run].viability_percent
     metrics[run].Lymph_pct=RunData[run].lymphocyte_fraction
  z = Zscore(metrics across runs)
  Composite = 0.50*z.HPC + 0.30*z.CD34 + 0.20*z.Viab
  Return ranked list + full bar-chart ledger artifact (not winner-only)

# Figure 20: microscopy stratigraphy + GHZ/Grover/Ramsey readout stack + permutation residual
Function MegaAnastasisMicroscopyToCircuit(MicroscopySeries):
  Features = ExtractMotifEvidenceFromImages(MicroscopySeries)   # actin rims, mito puncta, nuclear order, etc.
  # symmetry layer
  For permutation π of interchangeable motifs:
     ε_π = ||f(x) - Pπ f(Pπ^T x)|| / ||f(x)||
  # circuit: GHZ resource → U_enc(x) → (Sχ D)^k → Ramsey ledger
  Circuit = BuildMegaAnastasisCircuit(Features)
  return Artifact(type="megaanastasis_plate", payload={Features, ε_π, Circuit})

================================================================================
L) FINAL OUTPUTS (SOP-STYLE LEDGER + FIGURE-COMPATIBLE DERIVATIONS)
================================================================================

Function ProduceReleasePacket(Runs):
  Packet = {}
  For run in Runs:
     bio  = ComputeBioScore(run)
     phys = EvaluatePhysicalPass(run)
     dec  = FinalDecision(run)
     Packet[run] = {bio, phys, decision:dec, media:MediaBOM[run], flow:RunData[run].flow}
  # Include: full similarity matrices, heatmaps, bipartite top-2, spectra, CHSH certs, phase ledgers
  Packet.audit = CollectAllArtifactsAndProvenance()
  return Packet

END
