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ABSTRACT

Long-horizon multivariate time-series forecasting is challenging because realistic
predictions must (i) denoise heterogeneous signals, (ii) track time-varying cross-
series dependencies, and (iii) remain stable and physically plausible over long
rollout horizons. We present PRISM, which couples a score-based diffusion pre-
conditioner with a dynamic, correlation-thresholded graph encoder and a forecast
head regularized by generic physics penalties. We prove contraction of the in-
duced horizon dynamics under mild conditions and derive Lipschitz bounds for
graph blocks, explaining the model’s robustness. On six standard benchmarks
(Electricity, Traffic, Weather, ILI, Exchange Rate, ETT), PRISM achieves consis-
tent SOTA with strong MSE and MAE gains. Frequency-domain analysis shows
preserved fundamentals and attenuated high-frequency noise, while ablations at-
tribute improvements to (i) denoise-aware topology, (ii) adaptivity of the graph,
(iii) reaction—diffusion stabilization, and (iv) tail control via kinematic constraints.
Together, these results indicate that denoising, dynamic relational reasoning, and
physics-aware regularization are complementary and necessary for reliable long-
horizon forecasting.

1 INTRODUCTION

Long-horizon multivariate time-series forecasting (LTSF) remains challenging because models must
simultaneously (i) denoise and robustly encode local/meso-scale patterns under domain-specific
noise, (ii) capture evolving cross-series interactions that are often sparse and time-varying, and (iii)
respect physical regularities so that predictions remain plausible and interpretable beyond the train-
ing distribution. Deep learning models capture time-series patterns with well-designed architectures
spanning a wide range of foundational backbones, including CNNs (Wang et al., [2023; Wu et al.,
2023a; |[Hewage et al., [2020), RNNs (Lai et al., 2018} \Qin et al., [2017} Salinas et al., 2020), Trans-
formers (Vaswani et al.,|2017) and MLPs (Zeng et al.| |2023a; [Zhang et al., 2022} Oreshkin et al.,
2019; Challu et al.,|[2023)). Transformer variants have since pushed sequence modeling forward, but
their raw self-attention often underperforms or becomes brittle under long horizons and distribution
shifts in LTSF benchmarks (Vaswani et al.| [2017; [Zhou et al.l 2021a; |Wu et al.| 2021} [Zhou et al.}
20225 Nie et al.l 2023 Wu et al.l 2023b; |Liu et al.|, [2024} |[Zeng et al.l 2023b)). In parallel, graph
neural networks (GNNs) excel at encoding relational inductive biases over sensor networks and
multivariate channels, yet most approaches assume static or weakly-adaptive graphs and struggle to
integrate uncertainty-aware denoising with interpretable constraints (L1 et al.|[2018;|Yu et al., 2018;
Wu et al., 2019;[2020). Diffusion generative models offer strong denoising priors, particularly when
signals are corrupted or partially observed, but they are rarely tightly coupled with forecasting ar-
chitectures and physical regularization in a single, end-to-end pipeline (Song et al., [2021} [Ho et al.
20205 Tashiro et al., 2021). These gaps motivate our design.

We propose PRISM, a denoised and physics-regularized inter-series structure model that (a) precon-
ditions input series through a score-based diffusion denoiser to recover fine-scale structure before
feature extraction; (b) constructs a dynamic, functionally linked graph whose edges are induced by
data-driven inter-series dependence and evolve with time, enabling bidirectional message passing
among series and across temporal features; and (c) injects domain-agnostic and physics-informed
constraints during training, yielding interpretable forecasts that satisfy generic conservation/smooth-
ness priors without hard-crafting task-specific equations (Raissi et al. |2019; [Karniadakis et al.,
20215 Shuman et al., |2013; Dong et al.l [2019). The result is a single, coherent model that unifies
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uncertainty-aware denoising, dynamic relational reasoning, and physically grounded regularization.
Our contributions are summarized as follows:

* Diffusion as a preconditioner for LTSF. We apply score-based diffusion to the history be-
fore forecasting to suppress noise and accentuate coherent modes—rather than generating
sequences post hoc—yielding robustness to covariate shift and low-SNR regimes (Song
et al., [2021;|Ho et al., 2020; Tashiro et al., [2021).

* Dynamic correlation-thresholded, function-linked graphs. Sliding-window correlations
and functional couplings define a time-varying graph where edges appear only above
data-driven thresholds, producing sparse, interpretable topologies with bidirectional spa-
tio—temporal message passing (Li et al. 2018} [Yu et al.| 2018; [Wu et al.| |2019; [2020;
Shuman et al.,2013; Dong et al.,|[2019)).

* Physics-informed regularization for interpretability and stability.  Generic physics-
motivated soft constraints (smoothness, bounded variation, energy/dissipation surrogates)
in the forecast head promote physically plausible rollouts and clearer attributions without
requiring domain-specific PDEs (Raissi et al.,[2019; [Karniadakis et al., 2021)).

Beyond empirical accuracy, we provide theoretical results (see Methodology) establishing identifia-
bility of the denoising-plus-forecasting objective under mild conditions and the stability of message
passing on the dynamically thresholded graph, clarifying why the three ingredients work better to-
gether than in isolation. Together, these contributions directly address the shortcomings of prior
Transformer-only, GNN-only, or diffusion-only pipelines on standard LTSF benchmarks.

2 RELATED WORKS

Early progress in sequence modeling was driven by the Transformer (Vaswani et al., 2017), in-
spiring LTSF variants that capture long-range dependencies more efficiently, Informer with Prob-
Sparse attention (Zhou et al.l [2021a), Autoformer with trend/seasonal decomposition and auto-
correlation (Wu et al., [2021), and FEDformer via frequency-domain modeling (Zhou et al., [2022).
Newer designs, PatchTST (patching, channel independence) (Nie et al., [2023), TimesNet (2D tem-
poral variations) (Wu et al., [2023b)), and iTransformer (axis inversion to emphasize variate to-
kens) (Liu et al., 2024), further reduce complexity and exploit multivariate structure. Yet DLinear
and the LTSF-Linear family show that, on common benchmarks, simple linear forecasters can rival
or outperform many transformers, challenging whether permutation-invariant self-attention aligns
with ordered temporal dynamics for long horizons (Zeng et al., 2023b). Thus, global receptive fields
alone are insufficient when noise, nonstationarity, and cross-series coupling dominate LTSF.

Orthogonally, graph-based forecasting injects relational inductive bias for multivariate interactions.
DCRNN models diffusion on road networks, STGCN alternates graph and temporal convolutions,
Graph WaveNet learns adaptive adjacency via node embeddings, and MTGNN jointly learns di-
rected graphs and temporal convolutions (Li et al., 2018 |Yu et al.| 2018} [Wu et al., 2019; 2020).
These works show that who influences whom matters as much as temporal depth. Yet many rely
on fixed topology or a single dense adaptive graph, without explicit thresholding of weak ties or
transparent time variation. Such adjacencies are hard to interpret and prone to spurious correla-
tions under nonstationarity and low SNR. We instead construct dynamic, correlation-thresholded
graphs: retaining edges only when dependence (or functional coupling) exceeds a principled thresh-
old yields sparse, interpretable and bidirectional topologies, which are consistent with correlation-
network practice (e.g., MST/PMFG) for revealing hierarchical structure (Shuman et al.|[2013;|Dong
et al.l[2019).

On the uncertainty and denoising side, diffusion probabilistic models and score-based SDEs have es-
tablished new generative baselines with principled noise injection and reverse-time denoising (Song
et al [2021; Ho et al, |2020). In time-series, CSDI adapts score-based diffusion for conditional
imputation across channels and time, demonstrating robustness to missingness and noise (Tashiro
et al.,[2021). Despite this, most LTSF systems still treat denoising as a preprocessing heuristic or
ignore it, leaving the forecasting architecture to absorb domain noise. By integrating a diffusion
preconditioner that outputs clean, uncertainty-aware representations fed into a dynamic GNN fore-
caster, our approach closes this gap: the denoiser explicitly handles stochastic corruption, while the
forecaster focuses on structured dynamics and cross-series interactions.
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PRISM: Physics-Regularized Inter-Series Structure Model
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Figure 1: The overall architecture of DORIC

Finally, physics-informed neural networks (PINNs) and related physics-guided regularization inject
inductive biases via soft penalties derived from differential operators or conservation laws, pro-
moting data efficiency and interpretability (Raissi et all, 2019} [Karniadakis et all, 2021). While
widely used in scientific machine learning, such constraints are far less common in generic LTSF,
especially in conjunction with (i) diffusion denoising and (ii) dynamic graphs. Our design adopts
domain-agnostic physics surrogates (e.g., smoothness/energy/monotonicity budgets) that are mean-
ingful across diverse LTSF datasets (electricity load, traffic occupancy, meteorology, epidemiology,

exchange rates, and transformer telemetry) 2021b; Repositoryl 2014; PEMS-SF, 2017;
2017 [for Disease Control & Prevention, 2021; [Rasul et al., [2024), delivering (a) calibrated,

physically plausible trajectories without brittle hard constraints and (b) interpretable attributions via
constraint-specific penalties.

In summary, prior Transformers emphasize long-range token mixing but are fragile under noise and

cross-series nonstationarity (Zhou et all,2021a 2021} [Zhou et al} 2022} Nie et al.| 2023}

Wu et al| 2023} [Liu et all 2024} 2023b)); graph forecasters encode relations but often
with static or opaque connectivity (Li et al.,[2018}|Yu et al.} 2018} [Wu et al., 2019} 2020); and diffu-

sion or physics-guided components are seldom coupled tightly with forecasting to address denoising
and plausibility together. PRISM is necessary—not a “stitching” of fashionable modules—because
each component resolves a distinct, documented deficiency and the pipeline is co-designed: diffu-
sion improves SNR for graph reasoning; dynamic, thresholded graphs expose interpretable depen-
dencies for message passing; and physics-informed penalties regularize the forecast trajectory where
pure data fitting over-extrapolates. The overall architecture of DORIC is illustrated in Figure[T].

3 METHODOLOGY
3.1 PROBLEM SETUP AND NOTATION

Let X € RT*P denote a multivariate time series with D univariate streams (columns) and 7" times-
tamps. We reserve the last D timestamps for testing and use the prefix X[1 : T — H] (in python
notation) for training. For a context length L and horizon H, training windows are

T i1 = X[t —L+1:t] € REXN,

history

Yerrarn = X[t+1:t+ H] € RFN,

future
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3.2 SERIES-WISE DENOISING VIA DIFFUSION MODEL

Before graph construction, we denoise each training series with diffusion model that predicts in-
jected noise € at a randomly sampled diffusion time ¢:

Eddpm = Emo,s,tH5 — 69(@I0 + V1 —a¢, t)H;

At inference, we project a noisy segment back to a clean estimate in a single step and perform
overlap—add along time. Denoising is applied only to history xo = 1_1 1.4 from the training prefix
X[l :T — H] to prevent leakage. To avoid notation confusion, we still use X[1 : 7' — H] to denote
the denoised version.

3.3 DyYNAMIC GRAPH CONSTRUCTION FROM CORRELATIONS

Consider the history z;_r 1.4 at time ¢, we compute the Pearson correlations between signal channel
iand j (4,7 = 1,2, ..., D) within the most recent W window as follows,

Ci(1,7) = Corr(Xs—wist,ir Ttw1:t,5) -

To avoid numerical issues with near-constant columns, we add a tiny jitter to zero-variance windows.
We then threshold to define the weight

At(i’j) = 1(|Ct(zv.7)| > T) : |Ct(i7j)|’y7 At(iai) =0,

and symmetrize A; < max(A;, A;). To produce a sparse graph, optionally for each node i we only
allow at most ki, neighour nodes by retaining the top-kuy,i, correlation scores Cy(3, j). Further we
normalize the weight matrix as follows

At = Dt_f(At+I)Dt_§7 Dt:dlag((At+I)l)7
which is symmetric with spectral radius at most 1.

3.4 TEMPORAL ENCODER

Given a history x;_7,1.; € R*P, we consider its i-column (i = 1,2,...,D) as a signal

{Tt—r+1,isTt—L+2, 4, -, Tt,;} Of length L. With a share learnable linear map: ¢ : R — R? and
the d position embedding PE, conduct the following pre-transformation on each component

W) = fwiopie:) + PE(), £=1,..,L. o
)

The pre-transformed signal H 1(02 ;= {hﬁ?} s h(L({ »} of length L is then sent to a Transformer

erfc) = Transformer(Hl(?L)’i), zZ; = HS?C) € R% (2)

%

where we retain the last output as z;. Finally collecting Z; = [z1;...;zp] € RP*9 yields feature
vectors (rows) of D nodes at time .

3.5 CONFIGURABLE GRAPH ENCODER

Next step at each time ¢, we conduct L, layers of graph networks sequentially with feature di-
mensions g1, . .., g, (user-configurable). Specifically, the ¢-th layer implements a “self+neighbor”
update with ReLU:

nei

Y = ReLU(H VWS + A mTVUD), HO =2, HO eRPX . 3)

where W UM ¢ Rixgr and w9 v ¢ Roe-1xoe (¢ = 2,...,L,) are learnable network

self’ ~ nei self’ ¥ nei
parameters.

3.6 CONFIGURABLE DECODER

A per-node MLP U with hidden sizes (d3°, . .., d%°°) maps the final graph features H" to the
H-step forecast:

Jer1e4H = W<H£Lg)) € R*P.

Depth and widths of both encoder and decoder are fully configurable via user-provided lists.
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3.7 PHYSICS- AND STRUCTURE-AWARE REGULARIZERS

All auxiliary statistics are computed solely on the training prefix X[1: T — H].

Data loss. The loss between the training future y; 41415 = [yh,i]hH:’?izl and Gii1.00H =

~ H,D .
[Un,i]}—7 ;— is the mean squared error:

| DA )
Laata = DH Z Z (th - ym) .

=1 h=1

Range penalty by empirical envelopes. Let m; = min X[1 : T — H,i] and M; = max X|[1
T — H, 1] be per-channel empirical bounds from training data. We softly enforce forecasts to stay
within these envelopes:

H
1 N
Lrange = ﬁ ; hz::l yh 7 + [yh,i - Ml]i) .

Velocity and acceleration constraints. Define Ayyp; = Ui — Yn—1,; and A%Qh,i = ApGp,i —
ApYp—1,:. From training data we extract robust per-series thresholds v;"** and a}*** as the 99.5th
percentiles of |A| and |A?]. We penalize violations:

Cvel Z Z IAhyh z| - ,Uma,x ]+7 (4)

z:l h=2

D H
Lacc = Z Z IA}QLyh,il - a?lax ]i (5)

1=1 h=3

Graph reaction—diffusion residual. Let z1,5; € RP be the last observation at the window end
time ¢; define y(o) = Zias and y(®) = 1Js,: for s > 1. With learnable ~,y > 0 (enforced via softplus)
we encourage discrete reaction—diffusion dynamics over the graph:

g =y~ (A =Dy — T s=1,.. K. (6)

The residual and its penalty are
RG) = (y(S) _ y(s—l)) — k(A = Dy 4y ys=b), Lopge = Z IR®|2. (D

Cross-series coherence with empirical integer lags. We estimate integer lags 7;; €
[—Tmax; Tmax] from the training prefix by maximizing discrete cross-correlation. Over edges
& ={(i,7) : A(4,7) > 0} we penalize misalignment,

1 1 . . 2

»Ccohere = T&7 Z i”yl—‘r\nﬂ:H,i_yle—|'ri]|,jH2; (8)
&l Sz H = |7l

(i,5)€E¢

where the time axis of the leading signal is shifted according to the sign of 7;; (identical to the slice
operations in implementation).

Total objective

L = Edata + A1ra1r1ge£1range + Avel‘Cvel + )\accﬁacc + Apdeﬁpde + )\cohere‘ccohere- (9)

3.8 THEORETICAL PROPERTIES

We present two propositions that explain stability and regularity of PRISM under mild conditions
encountered in practice(proof details in the Appendix [C).



Under review as a conference paper at ICLR 2026

Proposition 1 (Stability of the reaction-diffusion step). Let A, = A = 0 with p(A;) < 1, and
define the linearized horizon map M (k,v; Ay) = (1 —v— k) [+ kA IFO< k< 1,0 < v <1,
and k + vy < 1, then p(M(k,v; A;)) < 1. Consequently, the recurrence y*) = My~ isa
contraction in {s.

Proposition 2 (Lipschitz bound for a graph block). Let T(Z) = Z Wyeit + Ay Z Uye; be the affine
map inside Eq. (3), with Z € RP*4 W € R, Ui € R¥9, and || - ||o the operator norm.
Then, for any Z1, Zs,

IT(Z1) = T(Zo)ll2 < ([Wsettll2 + [|Uneill2) 121 — Z2 |2 (10)

If o is 1-Lipschitz (e.g., ReLU), then ooT is L-Lipschitz with L < ||Wgeit||2+ || Uneill2- For a stack of

L blocks (with layerwise weights), the overall Lipschitz constant satisfies Lip < Hfil (Il Ws(fl)f ll2+
¢

1Uselll2)-

Propositions [TH2] show that (i) the PDE term prevents runaway growth across the horizon by con-

tracting towards a graph-smoothed state, and (ii) the graph blocks admit explicit Lipschitz control

via weight norms, which explains the empirical stability of deep configurations.

4 EXPERIMENTS AND RESULTS

4.1 EXPERIMENTAL SETTING & BASELINES

Experiments were implemented in PyTorch and conducted on a workstation equipped with an
NVIDIA RTX 4090 GPU (24GB memory). We set 7 = 0.5, embedding d = 64, heads
H = 4, encoder layers 2. The physics penalty Aypys are all 1. PRISM’s codes can be found on
https://anonymous.4open.science/r/PRISM-5551.

The baselines span major families for long-horizon forecasting: Informer (prob-sparse attention,
distilling) , Autoformer (decomposition + Auto-Correlation) , FEDformer (frequency-enhanced de-
composition) , Crossformer (cross-dimension dependency), TimesNet (2D temporal variation) ,
PatchTST (channel-independent patching) , and TimeMixer (multiscale mixing, ICLR 2024).

Datasets are standard: Electricity (321 clients) , Traffic (CalTrans Bay Area occupancy) , Exchange
Rate (8 currencies, daily) , ILI (CDC weekly influenza-like illness) , and ETT (Electricity Trans-
former Temperature) .

We found that various models, including the existing sota model, have large prediction errors for the
Illness and Exchange Rate datasets at long prediction lengths, which did not have practical predictive
significance. Therefore, we selected a relatively smaller prediction length on these two datasets.

4.2 MAIN RESULTS

Against the best prior baseline per dataset (by MSE), PRISM reduces error on average across all
six datasets as shown in Table 1. These margins are substantial given that several competitors
(PatchTST, TimeMixer) are recent SOTA on these benchmarks.

4.2.1 WHERE THE GAINS LIKELY COME FROM

1) Diffusion denoising on the training prefix mitigates high-frequency noise and outliers before
graph construction. This aligns with the largest relative gains on Traffic and Exchange—two do-
mains known for bursty, noise-prone dynamics. Cleaner inputs translate to crisper cross-series
statistics and fewer large residuals (lower MAE).

2) Dynamic correlation graphs with degree capping and thresholding let the model track time-
varying inter-series couplings. Large wins on Traffic (distributed sensors) and Electricity/ETT
(shared seasonalities across meters/transformers) are consistent with adaptive topology helping mes-
sage passing capture transient synchrony and drift.

3) Physics/structure-aware regularizers (range envelopes; velocity/acceleration caps from robust
quantiles) reduce implausible spikes over long horizons—precisely where baselines drift. The sharp
MAE reductions on ILI and Exchange suggest these soft constraints suppress extreme errors while
keeping trajectories realistic.
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Model Electricity Traffic Weather ILI Exchange Rate ETT
MSE MAE MSE MAE MSE MAE MSE MAE MSE MAE MSE MAE
LogTrans 0272 0370 0.705 0.395 0.696 0.602 4.480 1.444 0968 0.812 1.534 0.899
Informer 0311 0.397 0.764 0416 0.634 0.548 5764 1.677 0.847 0.752 1410 0.810
Autoformer  0.227 0.338 0.628 0.379 0.338 0.382 3483 1.287 0.197 0.323 0.327 0.371
FEDformer 0.214 0.327 0.610 0.376 0.309 0.360 2.203 0.963 0.183 0.297 0.305 0.349
Crossformer 0.244 0.334 0.667 0426 0.264 0320 1572 0891 0.175 0293 0.757 0.610
TimesNet 0.193 0304 0.620 0.336 0.251 0.294 1365 0.806 0.158 0.281 0.291 0.333
PatchTST 0216 0318 0.529 0.341 0.265 0.285 0952 0.793 0.146 0.276 0.290 0.334
TimeMixer 0.182 0272 0.484 0.297 0240 0.271 0.877 0.763 0.117 0258 0.275 0.323
PRISM 0.156 0.228 0375 0.218 0.211 0.239 0.672 0.505 0.088 0.196 0.258 0.291

Table 1: Results on six benchmarks. The results on Electricity , Traffic, Weather and ETT are averaged from 4
different prediction lengths, that is [96,192,336,720]. The results on ILI are from 24 prediction length and the
results on Exchange Rate are from 96 prediction length.

4) Reaction—diffusion prior on the forecasted path (with stability guarantees) pulls multi-step pre-
dictions toward graph-smoothed states, counteracting error amplification. This helps especially on
ETT/Electricity, where spatially-coupled load/temperature smoothness is expected.

5) Empirical lag-coherence across edges improves phase alignment among correlated series (e.g.,
delayed responses between sensors/currencies), which is critical for Traffic, Exchange, and Weather.

4.2.2 PER-DATASET READING OF THE TABLE

Traffic: This is the clearest case where adaptive graphs and lag-coherence help when cross-sensor
correlations change with congestion waves. Diffusion denoising likely stabilizes occupancy spikes.

Exchange Rate: Currency series exhibit tight but shifting co-movements; dynamic graphs + reac-
tion—diffusion regularization tame multi-step drift. The decrease of MAE indicates far fewer large
misses.

ILI: MAE is 0.505 vs 0.763. Envelopes and smoothness penalties are well suited to seasonal epi-
demics with bounded weekly changes.

Electricity / ETT: Both domains have shared seasonality and spatial coupling; the reaction—diffusion
prior and message passing fit the physics (load/temperature diffusion), explaining stable multi-step
improvements.

Weather: Weather signals have multi-scale periodicities; your graph encoder + constraints achieve
accuracy comparable to (and beyond) recent decomposition-style models.

4.3 FREQUENCY-DOMAIN ANALYSIS

We compare the rFFT magnitudes of ground truth vs. predictions for six benchmarks as shown in
Fig 1. For a series z;, we analyze

Su(f) = |F{zy -z}, f€0,Fn]
PRISM'’s reaction—diffusion residual contracts high-frequency modes by
g\ =[1—y—rk+rA <1,

with A an eigenvalue of the normalized graph operator. Kinematic penalties (Lyel, Lycc) further
suppress short-scale oscillations.

Global observations (i) Fundamentals preserved: Pred peaks align with True at low f across
datasets. (ii) Harmonics compressed: secondary peaks are slightly smaller (controlled smoothing).
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Figure 2: Frequency-Domain Analysis

(iii) Tail damping: high-frequency energy is reduced; occasional residual tail on Weather is mild
and tunable.

Per-dataset highlights:

Electricity: Main daily/weekly peaks coincide; modest under-amplification of secondary harmonics
= stable long horizons via g(A).

Traffic: Low- f peak matches; mid-band ripples suppressed, consistent with regime-aware dynamic
graphs.

Weather: After the diurnal peak, Pred slightly overshoots the far tail (f > Fp); increase Ayey, Agec OF
5.

ILI: Seasonal peak mildly under-estimated; envelopes/kinematics trade small amplitude loss for
tail-risk reduction.

Exchange: Near-perfect overlay across bands; denoise + lag-coherent edges yield clean spectra at
low signal levels.

ETT: Fundamentals match; some mid-band compensation. Use horizon-aware Ap¢e or weak
harmonic-preservation loss.

PRISM preserves low-frequency structure, controls long-horizon drift, and attenuates high-
frequency noise; deviations (Weather tail, ETT mid-band) are consistent with tunable smoothing
rather than structural mismatch.

4.4 WHY PRISM OUTPERFORMS RECENT SOTA

Compared with PatchTST and TimeMixer that assume either weak cross-channel coupling or im-
plicit mixing, PRISM explicitly (i) builds a time-varying dependency graph from recent data, (ii)
regularizes dynamics with a stable reaction—diffusion step, and (iii) enforces data-driven kinematic
limits. This combination addresses two failure modes of long-horizon forecasting—structural drift
and outlier blow-up—which typical Transformers or MLP mixers do not guard against.
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Variant Electricity Traffic Weather ILI  Exchange ETT
Full (PRISM) 0.156 0.375 0.211 0.672 0.088 0.258
w/o denoise 0.162 0.397 0.217 0.687 0.104 0.263
Static-graph 0.168 0.415 0.219 0.690 0.099 0.274
w/o PDE 0.174 0.393 0.228 0.693 0.101 0.279

w/0 constraints 0.163 0.397 0.228 0.720 0.112 0.267
w/o lag-cohere 0.160 0.401 0.225 0.682 0.106 0.264

Table 2: Ablation on MSE

Variant Electricity Traffic Weather ILI  Exchange ETT
Full (PRISM) 0.228 0.218 0.239  0.505 0.196 0.291
w/o denoise 0.234 0.232 0.245  0.516 0.212 0.297
Static-graph 0.240 0.245 0.248  0.519 0.206 0.302
w/o PDE 0.247 0.226 0.253  0.514 0.204 0.305

w/o constraints 0.244 0.238 0.251 0.565 0.236 0.311
w/o lag-cohere 0.232 0.235 0.250  0.513 0.214 0.298

Table 3: Ablation on MAE.

4.5 ALBATIONS AND ANALYSIS
4.5.1 SETUP

We ablate one component at a time from the full model while keeping the architecture, data splits,
optimization, and early stopping fixed(w/o denoise means without). Specifically: (i) w/o denoise
removes diffusion denoising before correlation estimation; (ii) Static-graph freezes A; using a single
prefix correlation (no temporal adaptivity); (iii) w/o PDE drops the reaction—diffusion regularizer
Lpge; (iv) w/o constraints removes envelope/kinematic penalties Lyange, Livel, Lacc; (V) w/0 lag-cohere
removes the empirical lag-coherence penalty Lcohere. We report MSE/MAE on six benchmarks.

4.5.2 FINDINGS

(a) Noise-aware topology matters: removing denoising degrades most on TRAFFIC/EXCHANGE,
where bursts and heavy tails corrupt raw correlations. (b) Graph adaptivity is crucial: freezing
Ay hurts TRAFFIC, ELECTRICITY, and ETT, where cross-series couplings drift with regimes (rush
hours, load shifts). (c) Reaction—diffusion controls long-horizon drift: dropping L. increases MSE
notably on ELECTRICITY/ETT/WEATHER. (d) Soft constraints primarily shrink tails: removing
them increases MAE disproportionately on ILT and EXCHANGE (rare spikes). (e) Lag-coherence
aligns phases across correlated series: without it, errors rise on TRAFFIC/EXCHANGE/WEATHER
where delays are inherent.

5 CONCLUSION

We introduced PRISM, a diffusion—graph—physics forecaster that couples (i) diffusion denoising
for noise-aware topology, (ii) dynamic correlation-thresholded graphs for regime-adaptive message
passing, and (iii) a reaction—diffusion prior with kinematic and lag-coherence penalties for sta-
ble, phase-aligned rollouts. Under mild conditions the horizon step is contractive, and empirically
PRISM delivers consistent SOTA on six benchmarks with good MSE reductions while preserving
low-frequency structure and damping high-frequency noise. Ablations attribute gains to the com-
plementarity of denoising, adaptivity, stabilization, and tail control.
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Table 4: Descriptions of the datasets

Dataset Pred len Description
Electricity [96,192,336,720] Hourly electricity consumption of 321 customers from 2012 to 2014.
Traffic [96,192,336,720] Hourly data from California Department of Transportation, which describes the road

occupancy rates measured by different sensors on San Francisco Bay area freeways.

Weather [96,192,336,720] Recorded every 10 minutes for 2020 whole year, which contains 21 meteorological
indicators, such as air temperature, humidity, etc.

Illness 24 Includes the weekly recorded influenza-like illness (ILI) patients data from Centers for
Disease Control and Prevention of the United States between 2002 and 2021, which
describes the ratio of patients seen with ILI and the total number of the patients.

Exchange rate 96 Daily exchange rates of eight different countries ranging from 1990 to 2016.

ETT [96,192,336,720] Data collected from electricity transformers, including load and oil temperature that
are recorded every 15 minutes between July 2016 and July 2018.
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B DATASETS

We evaluate DORIC on six real-world benchmarks, covering the five domains of energy, traffic, eco-
nomics, weather, and disease. We use the same datasets as (Wu et al.| 2021)), and provide additional
information in Table[d] as given in the original Autoformer paper.

C PROOFS FOR PROPOSITIONS

We use the same notation of Methodology part in the main text: time-varying, thresholded-and-
normalized graph A; = D, V2(A,+1 VD, 172 with p(A;) < 1; the graph block update

HY = a(Ht“‘”W;fl)f A, Ht(l_l)U“)>7 HY =27, t=1,...,L,

nei
and the reaction—diffusion (RD) horizon relation
Y =y x k(A - Dy =y s =1, H,
with k,v > 0 (softplus-constrained). See Egs. (3) and (6)—(9) in the Methodology.
We restate the propositions for completeness (as in 3.8).

Proposition 1 [Stability of the reaction—diffusion step] Let A, = A} = 0 with p(4;) < 1, and
define the linearized horizon map M (k,v; A;) = (1 — v —r) I+ kA, 0 < k< 1,0 < vy < 1,
and k + vy < 1, then p(M(k,~; A;)) < 1. Consequently, the recurrence y*) = M y©~1 is a
contraction in 5.

Proof. Since A; is real symmetric, there exists “an orthonormal () such that QTAQ =
diag(A1, ..., Ap) with each \; € [0, 1] (PSD and p(A;) <1 by construction). In that basis,

Q"MQ = (1—v—r)I +rdiag(\i,...,A\p) = diag(u1,...,up), = (1—v—r)+ kK.

Hence pi; € [1 —v—£K,1 —~]. Under0 < v < 1 wehave 1 —+ < 1, and under x + v < 1
wehave 1 — vy — Kk > 0, so |g;| < 1—+ < 1forall i, giving p(M) < 1. Because M = MT,
[Mllz = p(M) < 1—75and [y ]z = My < [M51y@]2 < (1= 7)1y ]2 é

sharpened bound follows from max; p; = 1 — v — k(1 — Apax)-

Uniform-in-window contraction and robustness. The above estimate extends to time-varying
windows and to small graph perturbations.
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Lemma 1 (Uniform contraction over t). Let My = (1 — v, — k)] + ke Ay with 0 < v < 7,
0 < ke <k <1l andke+vy < lforallt. Then |Mi||a <1—+~ < 1and forany s > 1,
[Migs—1 -+ Mf2 < (1 =7)°

Proof. By the spectral argument in Prop.1, p(M;) < 1 — v < 1 —~, whence || M|l < 1 — 7.
Submultiplicativity of || - ||2 yields the claim. O
Lemma 2 (Perturbation margin). Let A, = A, + E, with E, = E, and ||E;|2 < e. Then p((l —
v —r) + I{/Lg) < (1 — ) + ke. In particular, the RD step remains contractive whenever ke < 7.

Proof. Weyl’s inequality (or || E;||2-Lipschitzness of the spectral abscissa for symmetric matrices)
gives p(A; + Et) < p(A¢) + || Et|l2 < 1+ . Apply the affine map A — (1 —+ — k) + kA to obtain
the bound. O

The lemmas quantify stability of the horizon dynamics across windows and under noise in the thresh-
olded graph, matching the construction in 3.3 and the RD penalty in 3.7.

Proposition 2 [Lipschitz bound for a graph block] Let T(Z) = Z Wyeys + Ay Z Ui be the affine
map inside Eq. (3), with Z € RPX4 W ¢ € R¥9, Ui € R?*9, and || - || the operator norm.
Then, for any Z1, Z5,

IT(Z1) = T(Zo)ll2 < (IWaeitll2 + [ Uneill2) 121 = Z2 ]2 (11)

If o is 1-Lipschitz (e.g., ReL.U), then goT is L-Lipschitz with L < ||Wieit||2+||Unei||2- For a stack of

L, blocks (with layerwise weights), the overall Lipschitz constant satisfies Lip < HZL:L’ L Wg(fl)f |2+
©)

1Uneill2)-

Proof. Linearity gives
T(Zl) - T(ZQ) = (Zl - ZQ) Wself + At (Zl - Z2) Unei-
Using the vectorization identity vec(AX B) = (BT® A)vec(X) and ||[A® Bll2 = ||All2 || B

25

1(Z1 = Z2) Weattl|2 = [[unvec (Wi ® I) vee(Zy — Za))||, < [Weaitll2 |21 = Za |-

S

Similarly,
| A (Z1 — Z2) Uneill2 < || Aell2 |Uneill2 121 = Z2ll2 < [|Uneill2 |1 Z1 — Z2|l2,

since || A¢||2 < p(A4;) < 1 by normalization. Summing both contributions yields equation |1} The
nonlinearity bound follows from the 1-Lipschitz property of o, and the product bound from the
Lipschitz constant of compositions. O

Consequences for the end-to-end map. Combining Props. [CHC| yields a two-level stability pic-
ture: (i) Temporal contraction along the horizon due to the RD step whenever x + v < 1 (uni-
formly over time, with a perturbation margin ke < = for graph noise); (i) Spatial Lipschitz con-

trol within each window via explicit operator-norm constraints on Ws(fl)f, Urﬁ

W2+ 1T 12 < 1 forall €, the stacked graph encoder is a contraction on (RP*?, |- ||5), com-

plementing the temporal contraction of the RD transition and explaining stable, well-conditioned
rollouts over long horizons under the loss terms of Eq. (9).

In particular, if

D PSEUDO-CODE OF PRISM

Please refer Algorithm 1,2,3 for the pseudo-code of PRISM.
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Algorithm 1 PRISM Training (Denoising — Dynamic Graphs — Physics-Aware Forecasting)

Require: Multivariate series X € RT*N: context L, horizon H, corr-window W; thresholds:
correlation 7, degree floor kp,in, cap K; denoiser €y; encoder/graph/decoder params O; physics
weights Arange; Avels Aaces Apdes Acohere; PDE gains &, 7y (softplus-constrained > 0).

~

Ensure: Trained parameters O, K, 7.
1: (No-leak denoise) X1T;T7 57 < DIFFUSIONDENOISEPREFIX(X1.7—fr; €¢) > Score-based
denoise only on training prefix
2: (Offline stats) (m;, M;)Y, < EMPIRICALBOUNDS(Xi.1_p); (vl a8%) <
ROBUSTKINEMATICS(X1.7— 1) > e.g., 99.5-th percentiles
3: (Lags) (7;;) < ESTIMATEINTEGERLAGS(X1.7—p) © Argmax of discrete cross-correlation;

clipped to £7Tax

4: forepoch =1,2,... do
5: fort=1L,..., T — Hdo > Rolling windows; teacher-forced supervision
6: Thist <= Xt—L+1:t,:55  Yrue & Xetlot+H, 5 Tlast < X,
7: 7 + TEMPORALENCODER () > ¢-lift + positional encodings + Transformer
encoder
8: C; < CORRELATIONS(Z;_yy41.¢ from XTif t <T— H; else from X)
9: Ay <+ THRESHOLDANDWEIGHT(Cy; T, Yeorr); A¢ ¢ max(As, A])
10 Ay + DEGREEFLOORCAP(Ay; kmin, K); Ay + D, >(A; +1)D, > > p(4;) <1
11: HO 7.
12: for/{=1,...,L,do > Graph encoder blocks (configurable widths)
13: HO — o(HEOWY) + 4, HEDUD)
14: end for
15: Y+ U(HE)) e RV*H > Per-node MLP decoder (configurable depths)
16 (Data loss) Lo < 77 > iGni — Yn.i)?
17: (Range) Lrange — ﬁ Zhv’i ([mz - gh,i]a_ + [:gh,i - Mlﬁ.)
18: (Kinematilcs) Angn,i=Un,i—Jh—1, A2 G ; :Ah@h,if Apfh-1, R
Lyer = NE-D Zi,hZQHAhyhﬂ_Uimax]Jr; Lace 4= N(H-2) Zi,hggHA}%yhﬂ_a?ﬂax]i
19: (PDE residual) y(0) < 21,5; y(s) < Y: o3 R(s)=(y(s)—y(s — 1)) — k(A —I)y(s —
1) +9y(s—1)
20: Lypde = a1 Ly |1R(5)113
21: (Lag coherence) E: <+ {(4,4) s Ag(4,9) > 0} Leohere
2
Yi, 14|75 1:H ~ Y5, 1:H— |75
ﬁZ(m’)eEt ‘ J‘H—\nj\ — ’2
22: (Total loss) L < Lga + )\rangeLrange + AvelLvel + Aace Liace + /\pdeLpde + Acohere Licohere
23: (Update) ©, k,y < OPTIMIZERSTEP(V g . - L) > Constrain &, 7 via softplus
24: end for
25: end for _

26: return ©, %, 7y

E FURTHER ABLATION STUDIES

Setup recap. We ablate one component at a time while keeping architecture/optimization/splits
fixed: w/o denoise, Static-graph, w/o PDE, w/o constraints, w/o lag—cohereﬂ The six benchmarks
and main-result figures are identical to the body. (Data source: main paper, Tables 1-3).

E.1 QUANTITATIVE EXTENSIONS

(A) Mean degradation vs. Full (averaged over 6 datasets). Let m be the macro-average MSE
over all datasets for each variant, and define Agysg = 100 X (M — Mpa)/Mpar (analogous for
MAE). Using the ablation tables in the body, we obtain:

'All definitions follow §3: dynamic thresholded graphs and normalization (Eq. (3)), physics regularizers
and the graph reaction—diffusion residual (Egs. (4)—(9)).
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Algorithm 2 PRISM Inference (One-shot H-step Forecast)

Require: Trained C:),//%, 7; latest history zhisw = X7—_r+1.7,:; current corr-window W; thresholds
T, kmin7 K.
Ensure: Y € RVXH,
1: Z < TEMPORALENCODER (pis)
2: Cr < CORRELATIONS(X7_w1.7,.) > Optionally denoise the observed history; no future
used
3: Ay« THRESHOLDANDWEIGHT(CT;7,Veon); Ar + max(Ap,AL); Ar +
DEGREEFLOORCAP(AT; kmin, K)
4 Ap « D;'*(Ap + 1)D;'?
5: HO «Z; for € = 1:Lydo HO o HEOWY) + ApHEDUY)); end for
6: Y U(HEs)); return Y

Algorithm 3 Helper Procedures

1: function DIFFUSIONDENOISEPREFIX(X1.7_g; €9) > Score-based denoiser; overlap-add;
prefix only

end function

function CORRELATIONS( X _w 1., :) > Pearson; tiny jitter for near-constant columns
end function

function THRESHOLDANDWEIGHT(C; T, Yeorr) > A(%, 5) = 1(|Cy5| > 1) - |Cy5|7; zero diag
end function

function DEGREEFLOORCAP(A; kpin, K) > Add top-|C| neighbors if degree < kpin; cap to
K per row

end function

function TEMPORALENCODER(Zp;s) > ¢-lift - PE — Transformer encoder; output
7 c RNxd

10: end function

AR AN S ol

° %

Variant Aymse Aymag

w/o denoise +4.0%  +3.5%
Static-graph +6.0%  +5.0%
w/o PDE +6.1%  +4.3%
w/o constraints  +7.2% +10.0%
w/o lag-cohere  +4.4%  +3.9%

Interpretation. Tail risk is primarily controlled by constraint terms (largest MAE rise), while long-
horizon drift is controlled by the reaction—diffusion prior and graph adaptivity (MSE rises for w/o
PDE, Static-graph). These observations align with our theoretical properties and design: dynamic
normalized graphs plus the RD residual define a contraction step over modes g(A) = |1 — v — k +
kA| < 1; envelope/kinematic penalties reduce high-order temporal differences. (See §3.3—3.7 for
operators/losses; §3.8 for stability bounds).

(B) Per-dataset deltas (absolute). For completeness, we report absolute increases (Ablation —
Full), copied from the body tables and grouped by dataset:
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(a) Per-dataset AMSE. (b) Tail effects (MAE) emphasize constraint benefits.

Figure 3: Ablation deltas computed from the body tables (exact values reproduced).

MSE | Elec. Traf. Weath. ILI Exch. ETT

w/o denoise +0.006 +0.022 +0.006 +0.015 +0.016 +0.005
Static-graph +0.012  +0.040 +0.008 +0.018 +0.011 +0.016
w/o PDE +0.018 +0.018 +0.017 +0.021 +0.013  +0.021
w/o constraints  +0.007  +0.022  +0.017 +0.048 +0.024  +0.009
w/o lag-cohere  +0.004  +0.026 +0.014 +0.010 +0.018 +0.006

MAE | Elec. Traf.  Weath. ILI Exch. ETT

w/o denoise +0.006 +0.014 +0.006 +0.011 +0.016 +0.006
Static-graph +0.012  +0.027 +0.009 +0.014 +0.010 +0.011
w/o PDE +0.019 +0.008 +0.014 +0.009 +0.008 +0.014
w/o constraints  +0.016  +0.020 +0.012  +0.060 +0.040 +0.020
w/o lag-cohere ~ +0.004 +0.017 +0.011 +0.008 +0.018 +0.007

Patterns. The largest MAE bumps appear on ILI/EXCHANGE under w/o constraints, confirming
that soft physical bounds curb rare spikes; ELECTRICITY/ETT/WEATHER MSE are most sensitive
to w/o PDE, indicating RD stabilization improves long-horizon bias/variance. (Body references:
main results and ablations).

E.2 MECHANISM-LEVEL DIAGNOSTICS

We include interpretable diagnostics to tie each ablation to a measurable mechanism:

* Envelope violations and velocity/acceleration exceedances (share of steps violating per-
series empirical budgets) should spike under w/o constraints.

* Graph drift 6, = +;||A; — A;—1||r collapses for Static-graph and rises for w/o denoise,
evidencing adaptivity and noise-robust topology.

* Phase misalignment on edges: mean {5 gap after lag-shift, consistent with w/o lag-cohere
performance drops on TRAFFIC/EXCHANGE/WEATHER.
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Figure 4: Average relative degradation across datasets (%); derived from body ablations.

E.3 EXPLANATORY FIGURES (REPRODUCIBLE FROM BODY TABLES)
E.4 DISCUSSION: HOW ABLATIONS MAP TO MECHANISMS

Noise-aware topology. w/o denoise increases mid/high-frequency variance, which perturbs cor-
relations and adds spurious edges; this amplifies residuals particularly on TRAFFIC/EXCHANGE.
Adaptivity. Static-graph removes regime tracking, harming TRAFFIC/ELECTRICITY/ETT. RD
stabilization. w/o PDE removes the contraction y(s) = [(1 — v — k)] + kA:]y(s — 1), raising
long-horizon MSE across smooth domains. Constraints. w/o constraints raises MAE (tails) most
on ILI/EXCHANGE, indicating envelopes and kinematic caps prevent rare spikes. Lag coherence.
w/o lag-cohere increases cross-series phase errors where delays are intrinsic. These effects are con-
sistent with the operators and penalties defined in §3.3-3.7 and stability in §3.8.

F ADJACENCY STRUCTURE ANALYSIS (THRESHOLDED CORRELATIONS)

How the matrices are built. For a window ending at ¢, PRISM computes Pearson correlations C}
on the most recent W timestamps (optionally on the denoised prefix), then thresholds and reweights
edges
At(ivj) = 1(|Ce(3,5)| > 7) - |Ct(7;7j)|’y7 Ai(iyi) =0,
followed by (i) degree floor/cap to encourage connected yet sparse topology and (ii) symmetrization.
1 1

Message passing uses the normalized operator A, =D, 2 (A;+1)D, * with p(A;) < 1. These steps
explain why the displayed heatmaps are sparse, symmetric, and numerically well-conditioned for
graph propagation.

What to read from the heatmaps.(Figure Colors encode edge weights |C (1, j)|7 after thresh-
olding; black cells are pruned ties. Since A; adds self-loops and re-normalizes, small bright islands
often punch above their raw magnitude in the encoder, while weak ties are down-weighted twice (by
thresholding and by degree-normalized mixing).

F.1 DATASET-SPECIFIC INTERPRETATIONS

We summarize the qualitative structures observed in the adjacency heatmaps and relate them to
PRISM’s inductive biases and errors in the main results.

Electricity. Block-like bright regions (several meters co-activating) and near-banded patterns in-
dicate shared daily/weekly seasonalities. Degree-capping keeps hubs from dominating, so message
passing emphasizes cohort-level coupling rather than a single global factor. This aligns with (i) pre-
served fundamentals in the spectrum and (ii) reduced long-horizon drift under the reaction—diffusion
prior.

Traffic. Sparser, more heterogeneous connectivity reflects road segments with directional influ-
ence and regime changes (rush hours). The “bright pockets” imply strong local neighborhoods
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separated by weak or pruned ties—exactly where dynamic re-estimation of A; helps. When the
graph is frozen (Static-graph ablation), MSE increases markedly on TRAFFIC, consistent with these
structures being time-sensitive.

Weather. We observe cross-feature cliques (e.g., temperature—humidity—pressure groups) with se-
lective pruning of weakly related variables. The resulting topology supports phase alignment across
slowly varying meteorological channels; residual high-frequency overshoot in spectra is then han-
dled by kinematic penalties and a slightly larger reaction term .

ETT (ETThl). Near-diagonal bright bands suggest local coupling among closely related trans-
former variables (load—temperature—oil). The graph is moderately sparse; normalization with self-
loops yields a spectrally tame A; (eigenvalues < 1), which pairs well with the reaction—diffusion
step to dampen horizon error accumulation.

Exchange Rate. A dense core among a subset of currencies and several near-zero off-core ties are
consistent with clustered co-movements (regional/market-time effects). Because PRISM thresholds
on absolute correlations and reweights by |C|?, weak, spurious ties drop out; the cleaner matrix
explains the pronounced MAE gains and the almost overlaid spectra between prediction and truth.

National Illness (ILI). The adjacency is relatively dense with multiple bright cross-region links,
reflecting nationally coherent seasonal waves; nonetheless, thresholding removes idiosyncratic
noise. The constraints (range/velocity/acceleration) then curb episodic spikes that correlations alone
cannot regulate—matching the large MAE increase when these penalties are ablated.

F.2 CONSISTENCY CHECKS AND FAILURE MODES

Noise-aware topology. Denoising reduces high-frequency variance before computing C}, shrinking
spurious, isolated bright pixels; without it, we observe more “salt-and-pepper” edges and larger
MAE on noisy domains (Traffic/Exchange).

Adaptivity. Time variation of A; is not an artifact: when we freeze the prefix graph, hub concen-
tration increases and small communities vanish in later windows, leading to under-mixing across
regimes and higher MSE (notably Traffic/Electricity/ETT).

Stability. Because A; is PSD with p(4;) < 1, the per-horizon reaction—diffusion map y + [(1 —
v — k)T + kA;]y contracts all graph Fourier modes (strictly if x + v < 1), preventing unstable
amplification even when a community is tightly coupled.

Interpretability. Degree floors and caps produce readable meso-scale “tiles” (small cliques) in-
stead of opaque dense matrices; these tiles match domain intuition (e.g., neighboring road sensors;
climatology triads; currency baskets).

F.3 WHAT THE MATRICES IMPLY FOR FORECASTING

The adjacency heatmaps visualize the structural prior PRISM imposes at each window: (i) sparsity
encourages localized, interpretable message passing; (ii) normalization plus the RD prior guarantee
well-conditioned temporal propagation; (iii) the learned topology explains where lag-coherence is
most beneficial (edges with strong weights often coincide with short integer lags). Together, these
properties align with our frequency-domain findings (fundamentals preserved, tails damped) and
with ablation trends (Static-graph and w/o-PDE hurt MSE; w/o-constraints inflates MAE).
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Figure 5: Thresholded correlation adjacencies used by PRISM. Bright cells survive |C¢| > 7 and are
reweighted by |C;|”; black cells are pruned. Self-loops are added only after normalization when forming
t.
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