
a CrossScale-Omics Transformer Illustrative conceptual model — synthetic demonstration

1 INPUT

tissue→ spot→ cell

2 TOKENS

RNA · protein · ATAC

3 SPATIAL GRAPH

shared physical adjacency

4 FUSION

gated cross-attention

5 HIERARCHY

local→ region→ tissue

6 TASKS

three query-specific heads

section coordinates (x, y)
co-registered assays

tissue
global

spot
55 μm

cell
local

RNA

PROTEIN

ATAC

+ positional code p_xy

+ scale code s_l

T_m = E_m(x_m) + p_xy + s_l

A_sp = KNN(x, y)

edge bias b_ij = f(Δx, Δy)

GNN_R H_R

GNN_P H_P

GNN_A H_A

A_mn = softmax(Q_m K_nᵀ / √d)

gated residual + H_m

Z_cell: fused spatial tokens

masked reconstruction

cross-scale contrast

LOCAL
cell / spot neighbourhood

Z_cell

REGION
learned pooling

Z_region

TISSUE
global memory

z_tissue

memory bank M = [Z_cell ; Z_region ; z_tissue]

F1 Cell state

cell-type logits

F2 Spatial domain

domain + reconstruction

F3 Perturbation

Δ-response vector

ŷ = D_q(M, coordinate, query)

prediction + calibrated uncertainty

RNA protein ATAC spatial edge Notation T_m input tokens A_sp adjacency H_m graph states Z scale latents F1–F3 task heads

b Spatial reconstruction from F2

observed reconstructed

PCC 0.92 SSIM 0.88 synthetic

c Cell-state readout from F1

latent 1

latent 2

T cell

myeloid

tumour

macro-F1 0.90
synthetic

d Perturbation response from F3

simulated response

predicted

largest |Δ|

IL32

CXCL9

B2M

VEGFA
Spearman ρ 0.84

Illustrative conceptual model; synthetic data and metrics; no empirical performance claims.



SPATIAL COUPLING OF HYPOXIA, LACTATE AND IMMUNE EXHAUSTION
Tumour source→ acidic myeloid niche→ CD8 T-cell metabolic lock ILLUSTRATIVE HYPOTHETICAL MECHANISM · NOT DATA

Tumour-cell mechanism Spatial tumour–stroma–vascular ecology Immune-cell mechanism
Necrotic / acid core Hypoxic transition Perfused invasive rimO2 ↓ M1

M1

glucose pyruvatelactate
M2

M3

M4

I1

M1 HIF-1α— hypoxia

M2 LDHA — lactate

M3 MCT4 — export

M4 CAIX — H+ handling
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Lac / H+ field

cross-presentation

glucose competition

I2

3/4 MYELOID RELAY

M5 M6

ARG1 · IL-10 · PD-L1

DC priming ↓

7 CD8 METABOLIC LOCK

M5 Glc ↓

mito / redox stress

M7 · PD-1 · TIM-3

IFN-γ · GzmB · killing

I3

M5 MCT1 — lactate uptake
M6 H3K18la* — lactylation
M7 TOX/NR4A — exhaustion

CELL / STRUCTURE KEY 1 tumour 2 CAF / ECM 3 TAM 4 MDSC 5 DC 6 CD8 effector 7 CD8 exhausted 8 Treg
9 vessel / endothelium 10 pericyte 11 necrotic debris Lac H+ O2 Glc

THREE TESTABLE INTERVENTION WINDOWS SCHEMATIC SPATIAL GRADIENT · NOT DATA

I1 Reduce tumour source

LDHA / MCT4 blockade

Predicted: lactate export ↓

I2 Recondition spatial niche

buffer H+ · loosen CAF/ECM

gate myeloid MCT1

Predicted: suppression ↓

I3 Restore effector fitness

PD-1 release + mitochondrial

support

Predicted: cytotoxicity ↑
O2

Lac / H+

myeloid
suppression

perfusion→ increasing distance to core

Arrow = promotion · bar = inhibition · dashed = proposed / context-dependent Illustrative hypothetical mechanism · microplot not data



Sulfide SSE | Li-metal interface evolution, failure competition and stabilization
Aligned cross-sections connect transport, reaction chemistry, grain boundaries and mechanics across cycling time

Li+ in SSE e- blocking stress Li-side interphase crack / grain boundary void Li filament

t0 · AS ASSEMBLED
incipient solid–solid contact

uniform Li+ flux · intact e- block · low stress

t1 · REPEATED CYCLING
reaction growth and contact redistribution

heterogeneous interphase · residual contact necks

t2 · COMPETING OUTCOMES
dominance depends on half-cycle and local defects

A · STRIPPING→ VOID

void→ contact loss

B · PLATING→ FILAMENT

filament→ short circuit

INTERPHASE CUTAWAY · nanoscale

sulfide SSE
Li2S-rich / Li3P-rich layer (schematic)
Li metal · electronic reservoir

CONTACT-NECK FIELD · local scale

current density ↑ at residual contact
stress concentrates at neck edge
void growth and cracking can cross-couple

CROSS-SCALE CAUSAL CHAIN

pressure grain / GB interphase carriers

device mesoscale nanoscale local field

STABLE-WINDOW INTERVENTIONS · complementary, non-ranked

Electron-blocking coating

uniform interphase · suppress local SSE reduction

preserve Li+ transfer across the interface

3D current collector / Li host

homogenize effective current distribution

accommodate deposited Li and reduce hotspots

Closed-loop pressure control

low: voids stable window high: fracture

retain contact without creep or crack activation

Illustrative synthetic mechanism · qualitative · not to scale · no measured field



a Illustrative warming-pressure states

S1

Guarded warming
lower coupling load

+1.4 °C
S2

Persistent warming
intermediate coupling load

+2.1 °C
S3

High overshoot
higher coupling load + lag

+3.2 °C

Illustrative coordinates only — not assessed thresholds or forecasts

b Coupled spatial network
numbered anchors carry geography · outer arcs carry system-wide feedback · E1–E12 carry directed coupling

F1 CARBON RELEASE

F2 ALBEDO LOSS

F3 OCEAN HEAT TRANSPORT

F4 RAINFALL REDISTRIBUTION
F5 FIRE–DRYING

1 2

3

4

5

6

E1 + E2 −

E3 +

E4 ±

E5 ±

E6 ±

E7 ±

E8 +

E9 +

E10 +

E11 +

E12 +

SYSTEM NODES

1 GrIS Greenland ice sheet
CRYOSPHERE

3 AMOC Atlantic overturning
CIRCULATION

4 AMZ Amazon rainforest
BIOSPHERE

SYSTEM NODES

2 PF Northern permafrost
LAND CARBON

5 CR Tropical coral reefs
MARINE ECOSYSTEM

6 AIS Antarctic ice sheet
CRYOSPHERE

c RECOVERY LAG
resilience + hysteresis

forward

recovery

warming pressure→

EDGE KEY · directed influence on cascade tendency

E1 GrIS→ AMOC + Freshwater weakening

E2 AMOC→ GrIS − Regional cooling

E3 AIS→ AMOC + Southern freshening

E4 AMOC→ AIS ± Heat redistribution

E5 AMOC→ AMZ ± Rainfall redistribution

E6 AMZ→ AMOC ± Moisture recycling

E7 AMOC→ PF ± Poleward heat

E8 AMOC→ CR + Marine heat exposure

E9 PF→ AMZ + Carbon–warming bridge

E10 PF→ CR + Ocean-warming bridge

E11 AMZ→ AMZ + Fire–drying feedback

E12 CR→ CR + Recovery-capacity loss

+ amplifying/destabilizing − damping/temporarily stabilizing ± context-dependent Conceptual synthesis; signs and strengths vary by state, model and forcing pathway.



a Synthetic cohort & sampling

BL

Baseline

ON

On
treatment

POST

Post
treatment

8 programmed R
P01–P08

8 programmed NR
P09–P16

scRNA-seq
5,400 cells · 48 samples

Spatial
1,800 spots · 6 sections

Fixed patient order P01→P16 · BL→ON→POST

b Cell-state atlas links treatment to sample variation

Latent 1
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 2

R BL→POST

R BL→POST

n = 5,400 cells generated latent communities · not a fitted UMAP
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c Spatial domains + cell types

P04 responder · matched coordinates · 300 spots / section

Necrotic Tumor Invasive margin Stromal rim Immune niche

1 mm

BL

1 mm

ON

1 mm

POST

d Patient-paired composition

thin: patient P01→P16 · bold: group median
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e Macrophage trajectory + programs
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f Pseudobulk state change
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g Ligand–receptor rewiring

edge width: |R−NR| · node colour: cell identity
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h Spatial neighbourhood enrichment

k=6 within section · 60 label permutations · 1,800 spots
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i Response association + uncertainty

−0.5 0.0 0.5 1.0
R−NR Δ module

(95% bootstrap CI)

TGF-β signalling

Hypoxia

ECM remodelling

Antigen presentation

IFN response

Cytotoxicity
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n = 16

A synthetic treatment-aware single-cell and spatial tumor ecosystem atlas
Longitudinal cell states → tissue domains → paired remodelling → molecular programs → communication → neighbourhoods → response uncertainty

SYNTHETIC DEMONSTRATION DATA

Synthetic demonstration data · 5,400 cells + 1,800 spatial spots · 16 virtual patients · fixed seed 30527 · no patient-derived observations



a  Evaluation task and data strata
384 families · 6 methods · 4 repeated designs · 96 OOD families

Sequence +
structure target

Joint design
models

Repeated
evaluation

CROSSED STRATA
2 homology regimes

4 length bins

4 topology classes

ID 288 / OOD 96

READOUTS
recovery ↑   TM-score ↑

RMSD ↓   pLDDT ↑

success ↑   ECE ↓

robustness ↑   cost ↓

Family-cluster bootstrap, B=1,000 · success: TM≥0.66, RMSD<3.20 Å, pLDDT≥70
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b  Full-family paired structure fidelity
Every family is shown; hexagons and contours encode density

n=384 families
wins 82.6%
ΔTM +0.053
OOD ΔTM +0.112

○ ID   ◇ OOD
orange low homology
blue high homology
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c  Length × homology recovery distributions
Violin density · IQR · median · sampled families; n=48 per stratum

LOW HOMOLOGY HIGH HOMOLOGY

teal: proposed   gray: family-best baseline
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d  Sequence–structure metric consistency
2,304 family×method points; point area increases as RMSD decreases

Spearman ρ recovery↔TM
proposed 0.54
pooled baselines 0.66
TM↔−RMSD 0.93
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Self-consistent RMSD (Å) ↓
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e  Energy–structure funnel for a hard OOD family
160 candidates per method · family V2-PF-0307

success basin

0.0 0.2 0.4 0.6 0.8 1.0
Predicted success probability
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proposed ECE 0.174
95% CI [0.162, 0.186]

f  Confidence calibration and ECE
Replicate-level outcomes; family-cluster bootstrap bands, B=1,000

bottom bars: proposed confidence mass

g  OOD generalization and mutation robustness
ID/OOD family distributions plus repeated perturbations
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ProtWeaver

SeqCraft

FrameDiff
GeomMPNN

EvoLM

Rosetta

h  Accuracy–runtime Pareto
Point area scales with synthetic parameter count; bars are 95% family bootstrap CI

line: nondominated frontier

i  Structures and local error
Gray truth; prediction by local error; contact difference

easy ID
V2-PF-0067

TM 0.90 · RMSD 1.17 Å
r30

hard ID
V2-PF-0336

TM 0.54 · RMSD 4.08 Å
r40

recoverable OOD
V2-PF-0009

TM 0.87 · RMSD 1.91 Å
r54

hard OOD
V2-PF-0372

TM 0.51 · RMSD 4.99 Å
r27

Generative protein design under family shift, structural constraints and compute
A fixed-seed, family-random-effects benchmark linking population fidelity, metric consistency, calibration, OOD robustness and efficiency

Synthetic benchmark for visualization demonstration seed 30620260828 · n=384 families × 6 methods × 4 repeats · 95% CI: family-cluster bootstrap B=1,000

ProtWeaver-Joint
SeqCraft-AR

FrameDiff-S
GeomMPNN

EvoLM-IF
Rosetta-Relax



a Closed-loop experiment cycle
LIBRARY

720 quaternary
compositions

SCREEN
5 batches ×

activity · FE · retention

SELECT
4-objective

Pareto frontier

OPERANDO
48 × 320 Raman

state map

VALIDATE
72 h · n=5
durability

UPDATE
4 × 10 AL

mini-batches
model update closes the loop

Cu

Ag Sn

hex fill: sampling densitygrey contours: surrogate uncertaintyring: 4D Pareto  |  ×: AL round 1

position: normalized Cu/Ag/Sn  ·  size: In at.%

b Composition landscape
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d Descriptor volcano
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0 24 48 72
time (h)

70

80

90

100

no
rm

al
ize

d 
j C

2+
 (%

) separate validation · mean ± SD · n=5 batches
h 72 h durability

Q-417  93.2%
Cu–Sn binary  82.0%
Cu control  71.8%

i Surface-state mechanism

EARLY  Cu–O STEADY  *CO/*OCCO

Ag In

CO2 *CO *OCCO C2 +
Cu–O ↓  ·  *CO ↑  ·  *OCCO emerges

Q-417 · 273 mA cm−2 · FE 90%
screen ret. 89%
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e Operando Raman state map
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Closed-loop discovery links composition, operando state and 72 h durability
Cu–Ag–Sn–In CO2RR  |  fixed seed 307  |  Q-417 = Cu34Ag12Sn38In16

screen n=720, repeats n=5  |  operando n=4  |  bootstrap=1,000  |  AL round 1: 80 + 4×10 Synthetic catalyst-screening demonstration data



a Multicentre design

A–C development
5,100 · train 3,825 · holdout 1,275

Image + first-6-h clinical
7-member ensemble · locked fallbacks

D–I external validation
9,300 · six sites · no centre tuning

Locked threshold 0.223
Calibration · fairness · utility

b Generalisation landscape across nine hospitals
n/eventsevent % sens/spec
475/104 21.9 0.66/0.65
425/95 22.4 0.75/0.56
375/65 17.3 0.82/0.64

1,700/349 20.5 0.81/0.54
1,600/421 26.3 0.58/0.70
1,500/475 31.7 0.77/0.49
1,450/249 17.2 0.58/0.69
1,550/328 21.2 0.77/0.57
1,500/328 21.9 0.62/0.66

9,300/2,150 23.1 0.69/0.61

0.65 0.75 0.85

A internal
B internal
C internal

D external
E external
F external
G external
H external
I external

Pooled external

AUROC · I² 61.0%

0.30 0.45 0.60

AUPRC · I² 89.8%

c External-centre ROC and precision–recall
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ROC 0.73 · PR 0.41

D  n=1,700

ROC 0.69 · PR 0.45

E  n=1,600

ROC 0.70 · PR 0.50

F  n=1,500

0.0 0.5 1.0
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ROC 0.70 · PR 0.33

G  n=1,450

0.0 0.5 1.0

ROC 0.74 · PR 0.43

H  n=1,550

0.0 0.5 1.0

ROC 0.68 · PR 0.35

I  n=1,500

ROC PR
d Calibration transport: reliability and recalibration
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e Pooled-external subgroup fairness audit
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ΔAUROC vs pooled external (95% bootstrap CI)

Age · 18–49
50–69

≥70
Sex · Female

Male
Race · Asian

Black
Hispanic

White
Other

Device · Aster
Lumina

NovaRay
Helio

1,927/299
4,379/981
2,994/870

4,607/1,030
4,693/1,120

1,535/371
1,762/412
1,545/300
4,061/971
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2,103/539
2,846/598
3,269/757
1,082/256
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f Centre-specific representation shift

distance–AUROC r=-0.39 (exploratory)
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i Modality × shift robustness
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Multicentre external validation of a synthetic multimodal ICU risk model
Synthetic multi-centre validation data for visualization demonstration

Synthetic throughout. Centre/subgroup CIs: 400 bootstraps; pooled analyses preserve centre×outcome strata; calibration CIs: 240.
Threshold fixed internally and unchanged in D–I. Predictive uncertainty = 7-member probability SD; NOT CLINICAL EVIDENCE.
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