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Abstract

While deep learning methods have achieved strong performance in time series
prediction, their black-box nature and inability to explicitly model underlying
stochastic processes often limit their robustness handling non-stationary data, es-
pecially in the presence of abrupt changes. In this work, we introduce Neural
MJD, a neural network based non-stationary Merton jump diffusion (MJD) model.
Our model explicitly formulates forecasting as a stochastic differential equation
(SDE) simulation problem, combining a time-inhomogeneous It6 diffusion to cap-
ture non-stationary stochastic dynamics with a time-inhomogeneous compound
Poisson process to model abrupt jumps. To enable tractable learning, we intro-
duce a likelihood truncation mechanism that caps the number of jumps within
small time intervals and provide a theoretical error bound for this approxima-
tion. Additionally, we propose an Euler-Maruyama with restart solver, which
achieves a provably lower error bound in estimating expected states and reduced
variance compared to the standard solver. Experiments on both synthetic and
real-world datasets demonstrate that Neural MJD consistently outperforms state-
of-the-art deep learning and statistical learning methods. Our code is available at
https://github.com/DSL-Lab/neural-MJD.

1 Introduction

Real-world time series often exhibit a mix of continuous trends and abrupt changes (jumps) [l 2].
For example, stock prices generally follow steady patterns driven by macroeconomic factors but can
experience sudden jumps due to unexpected news or policy shifts [3}14]. Similarly, retail revenue may
rise seasonally but jump abruptly due to sales promotions or supply chain disruptions [3,[6]. These
discontinuous changes pose significant challenges for temporal dynamics modeling.

Classical statistical models, e.g., Merton jump diffusion (MJD) [3]] or more general Lévy processes [7],
provide a principled approach for modeling such data with jumps. They are effective for small datasets
with well-understood statistical properties [[8H10l]. However, their assumptions—such as independent
and stationary increments—often fail in real-world non-stationary settings. Additionally, these
models struggle to capture interdependencies across multiple time series, such as competition effects
among colocated businesses [[L1]] or spillover dynamics in stock markets driven by investor attention
shifts [[12,[13]]. As a result, they are difficult to scale effectively to large datasets. In contrast, deep
learning approaches have demonstrated strong empirical performance by effectively learning time-
varying patterns from data [[14H19]. Despite their success, these models are often black-box in nature
and lack explicit mathematical formulations to describe the underlying dynamics. This limits their
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interpretability and often results in poor generalization to non-stationary data with jumps. Notably,
in previous deep learning time-series studies, ‘“non-stationarity” typically refers to distributional
shifts in the data over time. These works focus on mitigating such shifts using techniques like
input-level normalization (e.g., DAIN [20], ST-norm [21]], RevIN [22]]), or domain adaptation (e.g.,
DDG-DA [23])). In contrast, our notion of “non-stationarity”’ centers on modeling a MJD process
with parameters that evolve over time.

To address these limitations, we propose Neural MJD, a neural parameterization of the non-stationary
Merton jump diffusion model that combines the advantages of statistical and learning-based ap-
proaches. In particular, our contributions are as follows:

* Our Neural MJD integrates a time-inhomogeneous It6 diffusion to capture non-stationary
stochastic dynamics and a time-inhomogeneous compound Poisson process to model abrupt
jumps. The parameters of the corresponding SDEs are predicted by a neural network
conditioned on past data and contextual information.

* To enable tractable learning, we present a likelihood truncation mechanism that caps the
number of jumps within small time intervals and provide a theoretical error bound for
this approximation. Additionally, we propose an Euler-Maruyama with restart solver for
inference, which achieves a provably lower error bound in estimating expected states and
reduced variance compared to the standard solver.

» Extensive experiments on both synthetic and real-world datasets show that our model
consistently outperforms deep learning and statistical baselines under both stochastic and
deterministic evaluation protocols.

2 Related work

Many neural sequence models have been explored for time series prediction, e.g., long short-term
memory (LSTM) [24], transformers [25]], and state space models (SSMs) [26]]. These models [27H36]]
have shown success across domains, including industrial production [37]], disease prevention [38,139],
and financial forecasting [40} 31]]. To handle more contextual information, extensions incorporating
spatial context have been proposed, e.g., spatio-temporal graph convolutional networks (STGCN) [41]],
diffusion convolutional recurrent neural networks (DCRNN) [42], and graph message passing net-
works (GMSDR) [43]. However, these models remain fundamentally deterministic and do not
explicitly model stochastic temporal dynamics. Generative models, e.g., deep auto-regressive mod-
els [44] and diffusion/flow matching models [45H47], provide probabilistic modeling of the time
series and generate diverse future scenarios [48H53]]. However, these models often face computational
challenges, as either sampling or computing the likelihood can be expensive. Additionally, they do not
explicitly model abrupt jumps, limiting their generalization ability to scenarios with discontinuities.

Another line of research integrates classical mathematical models, such as ordinary and stochastic
differential equations (ODEs and SDEs), into deep learning frameworks [33}154459]]. In financial
modeling, physics-informed neural networks (PINNs) [60] have been explored to incorporate hand-
crafted Black-Scholes (BS) and MJD models as guidance to construct additional loss functions [61,
62]. However, these approaches differ from ours, as we directly parameterize the non-stationary MJD
model using neural networks rather than imposing predefined model structures as constraints. Neural
jump diffusion models have also been explored in the context of temporal point processes (TPPs),
such as Hawkes and Poisson processes [63)164]. However, these methods primarily focus on event-
based modeling, where jumps are treated as discrete occurrences of events, thus requiring annotated
jump labels during training. In contrast, our approach aims to predict time series values at any give
time, irrespective of whether a jump occurs, without relying on labeled jump events. Moreover, since
jump events are unknown in our setting, our likelihood computation is more challenging since it
requires summing over all possible number of jumps.

Finally, various extensions of traditional MJD have been proposed in financial mathematics to
handle non-stationary data [65. 66, such as the stochastic volatility jump (SVJ) model [67], affine
jump models [68]], and the Kou jump diffusion model [[69]. However, these models rely on strong
assumptions for analytical tractability, requiring manual design of parameter evolution and often being
computationally expensive [/0]. For example, the SVJ model combines Heston’s stochastic volatility
with MJD under the assumption that volatility follows the Cox-Ingersoll-Ross (CIR) process, meaning
it reverts to a fixed long-term mean. Despite this, it lacks a closed-form likelihood function. Moreover,



variants with time-dependent parameters require calibrations on market data to obtain the functions
of parameters [71]. In contrast, our model directly learns the parameters of the non-stationary MJD
from data, which is similar to the classical SDE calibration for financial modeling, but provides better
expressiveness and flexibility while still permitting closed-form likelihood evaluation.

3 Background

To better explain our method, we first introduce two prominent models in mathematical finance, the
Black-Scholes model and the Merton jump diffusion model.

Black-Scholes (BS) model. The Black-Scholes model was developed by Fischer Black and Myron
Scholes, assuming that asset prices follow a continuous stochastic process [[72]. Specifically, the
dynamics of asset price S; at time ¢ is described by the following SDE:

dSt = St(ﬂdt+Uth), (1)

where  is the drift rate, representing the expected return per unit of time, and o is the volatility,
indicating the magnitude of fluctuations in the asset price. W, refers to a standard Wiener process.

Merton jump diffusion (MJD) model. To account for discontinuities in asset price dynamics, Robert
C. Merton extended the BS model by introducing the MJD model [3]]. This model incorporates an
additional jump process that captures sudden and significant changes in asset prices, which cannot be
explained by continuous stochastic processes alone.

The dynamics of the asset price S; in the MJD model are described by the following SDE:

dS; = Si((p — Ak)dt + odW; 4+ dQy), 2
where (); follows a compound Poisson process and captures the jump part. Specifically, Q; =
Zivtl (Y 1), where Y; is the price ratio caused by the i-th jump event occurring at the time ¢;,
ie,Y; = Sy /S,~ and Ny is the total number of jumps up to time ¢. Sy, and St; are the prices

after and before the jump at time ¢;, respectively. Y; captures the relative price jump size since
dsS;,/Si, = (Si, —S,-)/S,- = Y; — 1. The price ratio Y; follows a log-normal distribution, i.e.,

InY; ~ N (v,+?), where v and 72 are the mean and the variance respectively. N; denotes the number
of jumps that occur up to time ¢ and follows a Poisson process with intensity A, which is the expected
number of jumps per unit time. To make the expected relative price change E[dS, /S, ]| remain the
same as in the BS model in Eq. @), MID introduces an additional adjustment in the drift term of the
diffusion, i.e., —Akdt in Eq. . In particular, we have,
E[dQ:] = E[(Yn, — 1)dNy] = E[YN, — 1JE[dNVy],

where we use the assumption of MJD that “how much it jumps" (captured by Yy,) and “when it
jumps" (captured by N,) are independent. For the log-normal distributed Yy,, we can compute
the expected jump magnitude E[Yy, — 1] = exp (v +~2/2) — 1. To simplify the notation, we
define k := E[Yy, — 1]. For the Poisson process IV;, we have E[dN;| = Ad¢. Therefore, we have
E[dQ;] = Akdt, which justifies the adjustment term —\kd¢ in Eq. (2).

The MJD model has an explicit solution for its asset price dynamics, given by:

N
St -
mSO( /\k>t+aWt+;lnY 3)
Based on this solution, the conditional probability of the log-return at time ¢, given the initial price
Sp and the number of jumps N; = n, can be derived as:

P (InS;[So, Ny =n) = N (a,,b}), 4)
where a,, = In Sy + (u -k — ”—2) t+nv and b2 = o2t +~2n. Therefore, we obtain the likelihood,

ao)" 1 (In S; — an)?
P (InS;]S)) = ;)P (N = n) P (In S¢|So, Nt =n) = Z) 2 O (—T) )
Here we use the fact that P(N; = n) follows a Poisson distribution. One can then perform the
maximum likelihood estimation (MLE) to learn the parameters {u, o, A, v,v}. Additionally, the
conditional expectation has a closed-form,

E [S¢|So] = So exp(put). (6)

The derivations of the above formulas are provided in App.
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Figure 1: The overview of Neural MJD. Our model captures discontinuous jumps in time-series data
and uncovers the underlying non-stationary SDEs from historical sequences and context information.
Our method enables numerical simulations for future forecasting along time.

4 Methods

We consider the general time series prediction problem where, given the observed past data
{S0,5-1,...,S_1,}, and optional contextual information (e.g., additional features) C, the goal is to
predict the future values {51, ..., STf }. Here T, and Tt denote the past and future time horizons,
respectively. While we use integer indices for denoting time, sampling time is not restricted to
integers. Our model is built upon a diffusion process, which is inherently continuous in time and
compatible with arbitrary sampling mechanism. An overview of our method is shown in Fig. ]

4.1 Neural Non-Stationary Merton Jump Diffusion

In the vanilla MJD model, the increments from the Wiener and Compound Poisson processes are
independent and stationary, i.e., cdW, = N(0,02dt), dN, * Pois(Adt), and InY; "5 N (v,42).
The stationary assumption may be too strong in the real-world applications. For example, the stock
prices of certain companies, such as Nvidia, experienced significantly larger jumps in the past decade
compared to the previous one. Specifically, we allow independent but non-stationary increments in
MIJD by introducing time-inhomogeneous parameters { fit, ot, A¢, Ve, Vt}ogthf in the original SDE.
Thus, at any future time ¢, the modified SDE follows

R4

Here \; € Ry and oy, g, ky € R9, while W, denotes a d-dimensional standard Wiener process. With
a slight abuse of notation, o:dW; means element-wise product between two size-d vectors. N (d¢, dy)
is a Poisson random measure on [0, Ty] x R, which encodes both the timing and magnitude of
jumps. Intuitively, a Poisson random measure extends the idea of a Poisson process to random
events distributed over both time and magnitude spaces, and N (d¢, dy) counts the number of jumps
occurring within the infinitesimal time interval [¢, ¢ + d¢] whose sizes fall within [y, y + dy]. The
jump component S; [i,.(y — 1) N (dt, dy) introduces abrupt discontinuities in the process, accounting
for sudden shifts in data.

The statistical properties of the Poisson random measure are uniquely determined by its intensity
measure \; fy (¢, y)dydt. In our model, the intensity measure controls time-inhomogeneous jump
magnitudes and frequencies. Namely, jump times follow a Poisson process with time-dependent
intensity A\; and jump magnitudes follow a time-dependent log-normal distribution, i.e., a jump Y; at
time ¢ follows In Y; ~ A/ (14, v?), where we denote the log-normal density of Y; as fy (¢, y). Similarly,

we define k; .= E[Y; — 1] = exp(v; + l;) — 1 in the drift term. This makes Eq. H equivalent

to using the compensated Poisson measure N (dt, dy) == N(dt,dy) — \efy (¢, y)dydt to remove
the expected contribution of jumps. Note Eq. (7) includes &y, so that [,,(y — 1)\ fy (¢, y)dydt =
ME[Y; — 1)dt = A\¢kydt. Namely, it can be rewritten as,

dSt = St (Mtdt + Utth +/ (y — 1)N(dt,dy)) .
Rd

This preserves the martingale property of the process induced by N (dt,dy), e.g., E[dS;/S;] matches
the drift term in the non-stationary Black—Scholes model without jumps.



More importantly, inspired by the amortized inference in VAEs [[73]], we use neural networks to predict
these time-inhomogeneous parameters based on the historical data and the contextual information C,

,u/tao—h)‘ta’ytﬂ/t:fG(Sf)?Sflv"'anTpaC?t)v (8)
where f is a neural network parameterized by 6. To simplify the notation, we denote the set of all
observed data as C := {Sp,S_1,...,59_71,,C} from now on. Importantly, we only train a single

network across all series and optimize the conditional log-likelihood as the training objective, which
differs from standard statistical inference. At test time, the network produces context-dependent
estimates (t, o¢, A, V4, ) across all future time in a single forward pass.

The stochastic process described by the SDE in Eq. (7) is formally an instance of an additive
process [63, Ch. 14], characterized by independent but non-stationary increments. If oy, i, € L2, i.e.,
they are square-integrable functions, and max. ( [5. [¥*| A+ fy (7, )dy) < oo, then our non-stationary
MID has a unique solution for every Sp > 0 [65, Theorem 14.1]. As our prediction time horizon is a
closed domain ¢ € [0, TY], these conditions are easily satisfied as long as the neural network fy does
not produce unbounded values. At any future time 7', the explicit solution of the SDE is given by,

T 2 T T
In 2L :/ (ut—)\tkt—a—t)dm—/ atth+/ / InyN(dt, dy). ©)
SO 0 2 0 0 R4

Next, we model the conditional probability of log-return In S; given initial price Sy and past data C,

o] T
— [ Adt
P (InSr|Sy,C) = § eXp(f—Ot)

n=0

fo 2, (10)

where

n*/ / G e, ¢ 1DST,an,bn)dt1 -dt,,
0,7

T n
an—lnSTJr/ (,utf/\tktf—)dtJrZVt?, b2 _/ opdt+ > i
0 0 i=1

Here ¢(In St;ay, bi) is the density of a normal distribution with mean a,, and variance bi. t1.n
denote the timing of n jumps. Further, we compute the conditional expectations as,

T
E [ST|C] = Sy exp(/ pedt). (11)
0

Please refer to App. [B|for derivations. Evaluating Eq. (9) and Eq. (I0) is non-trivial due to time
inhomogeneity and jumps, typically requiring Monte Carlo methods or partial integro-differential
equation techniques for approximate solutions [65, Ch. 6, Ch. 12].

4.2 Tractable Learning Method

While Eq. provides the exact likelihood function, evaluating it precisely is impractical due to
1) integrals with time-dependent parameters lacking closed-form solutions and 2) the infinite series
over the number of jumps. To learn the model via the maximum likelihood principle, we propose a
computationally tractable learning objective with parameter bootstrapping and series truncation.

First, given a finite number of future time steps {1, ... ,Tf}, we discretize the continuous time in
SDEs to construct a piecewise non-stationary MJD. Our model predicts time-varying parameters

{ttry 0rys Ary Vo VT}Zle. For any time ¢t < Ty, we map it to an integer index via p; := [¢t| + 1. Thus,
the likelihood of the data at ¢ 4+ § given the data at ¢, where p; — 1 <t <t 4+ J < py, is given by:

P (In S;;5|S:,C) = Z P(AN =n) P (InS,s|S;,C,AN = n)

n

n 0
_Zexp =X, 0) A m ¢(1nSt+6;an67bn5) (12)



Algorithm 1 Neural MJD Training Algorithm 2 Euler-Maruyama with Restart Inference

1: repeat Require: Solver step size 1/M
2: (C7 Sl:Tf) ~ Duain, 1: C ~ Dyeg, with C = [Spr;o, C]
with € = [S-1,.0,C] 2 ey 0 Arsve, e b1 Ly = o(C)
3: {NT7O-7'7)‘T7V7‘7’YT}T£1(_fe(c) 3: tO<_O’N<_MXTf
4: Sy + S, 4: fori=1,--- ,Ndo
5. forr=1,---,T; do 5: ti<—ti—1+1/Mapt,-<—UéJ+1 .
6: wT — lnP(ln ST | S'rfl — S«Til,c) 6: Q; (N/pti — Apti k/’ti — Upti /2)/M > Drift
> Eq. (12) 7: Bi 4= 0p, 21/V M, with 21 ~ N(0,1) > Diffusion
7: Sr « E[S- | C] > Eq. 8: i+ KUp,, + VKV, 22
8:  Update 0 via with & ~ Pois(\,,, /M), z2 ~ N(0,1) > Jump

Ve, (—¢T+w|\57 —§T|\2) 9: if (i — 1) mod M = 0 then
10 In Sti — E[ln Spw71 | C] + o + B; —|—<l > Restart
11:  else '
12: lngti <—ln§ti71 +a;i+ 6+ G
13: return {S;, } Y,

9: until converged

where a, 5 = InS; + (p, — Ap,kp, — 02,/2)6 + nv,, and b2 5 = 02,6 + ~2,n. This approach
eliminates the need for numerical simulation to compute the integrals in Eq. and has been widely
adopted for jump process modeling [66) [74].

As for the conditional expectation, we have

pt—1
E[S/[C] = Soexp( Y pj + (t = pr + 1)y, )- (13)
Jj=1
Derivation details are shown in App. B} Further, we jointly consider the likelihood of all future data:
Ty Ty
P(InSy,---,nSr,|C) = [[ P S:|{InS;};<-,C) = [ P(In S-|S,-1,C),
=1 T=1

where we use the Markov property and the fact that In(-) is bijective.

Therefore, the MLE objective is given by:
Ty
InP(InSy,...,InS7, |C) = Z ImP(nS; | S-—1,C). (14)

T=1 Eq.

The training algorithm of our neural non-stationary MJD model is shown in Alg.[T} In computing the
term In P(In S;|S-_1,C) of Eq. , instead of doing teacher forcing, we replace the ground truth
S,_1 with the conditional mean prediction E[S;_; | C] from Eq. (13). This design mitigates the dis-
crepancy between training and inference while reducing error accumulation in sequential predictions,
especially for non-stationary data. As shown in the ablation study in Sec. this approach improves
performance effectively. To further improve accuracy, we introduce an additional regularization term
that encourages the conditional mean to remain close to the ground truth. Additionally, the for loop in
Alg.[T]can be executed in parallel, as the conditional mean computation does not depend on sequential
steps, significantly improving efficiency. Notably, our model imposes no restrictions on the neural
network architecture, and the specific design details are provided in App. [D.1]

Truncation error of likelihood function. Exact computation of P(In S, | S;_1,C) in Eq.
requires evaluating an infinite series, which is infeasible in practice. To address this, we truncate the
series at order K € N, i.e., limiting the maximum number of jumps between consecutive time steps.
We establish the following theoretical result to characterize the decay rate of the truncation error:

Theorem 4.1. Let the likelihood approximation error in Eq. (12)), truncated to at most k jumps, be
\Pn(t76) = ZZO:/‘H—I P(AN = n) P (ln St+5 | St,C7AN = n) .
Then, U (t,d) decays at least super-exponentially as k — oo, with a convergence rate of O(k™").

The proof is provided in App.[C.I] The truncation error is dominated by r, with other time-dependent
parameters absorbed into the big-O notation. We set « to 5 to achieve better empirical performance.
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Figure 2: Comparison of numerical simulations with and without restart strategy during inference.
4.3 Inference based on Euler Scheme

Once trained, our Neural MJD model enables simulations following Eq. (7)) by computing the non-
stationary SDE parameters with a single neural function evaluation (NFE) of fy. Unlike models
limited to point-wise predictions, Neural MJD supports continuous-time simulation across the entire
future horizon. Although the training data consists of a finite set of time steps, Si.7;, the learned
model can generate full trajectories from ¢ = 0 to ¢ = Ty at arbitrary resolutions.

The standard Euler-Maruyama (EM) method provides a general-purpose approach for simulating
SDEs with simple implementation and proven convergence [75,[76]. However, MJID SDEs exhibit
analytically derived variance that grows over time (see App. [B), and the simulated trajectories
produced using the vanilla EM, assuming sufficiently small error, reflect this growth as well. Notably,
the resulting high-variance simulations can undermine the empirical reliability of future forecasts.

In our MJD model, it is possible to compute closed-form expressions for statistical properties such
as the mean and variance at any point in time [[63]]; for instance, the analytical mean can be derived
from Eq. (I3). Building on this insight, we propose a hybrid analytic-simulation solver, the Euler-
Maruyama with restart method, which periodically injects the exact analytical mean to improve
accuracy and enhance stability, as shown in Alg.[2]and Fig.[2] Specifically, we discretize time using a
uniform step size 1/M for simulation and set the restart points as the target times {1,--- ,Ty}. The
solver follows the standard EM method for Eq. (7)) whenever a restart is unnecessary. Otherwise, it
resets the state using the conditional expectation from Eq. (I3).

Further, we prove that this restart strategy has a tighter weak-convergence error, particularly helpful
for empirical forecasting tasks where the mean estimation is critical. Let ¢; := [E[g(S;)] — E[g(S)]|
be the standard weak convergence error [75]], where S; is the ground truth state, .S; is the estimated
one using certain sampling scheme and g is a K -Lipschitz continuous function. We denote the weak
convergence errors of our restarted solver and the standard EM solver by ¢/* and €7, respectively.

Proposition 4.2. Let 1/M be the step size. Both standard EM and our solver exhibit a weak
convergence rate of O(1/M). Specifically, the vanilla EM has a weak error of e¥ < K exp(Lt)/M
for some constant L > 0, while ours achieves a tighter weak error of e < K exp(L(t — [t]))/M.

The proof and details are left to App.[C.2] Our sampler is in the same spirit as the Parareal simulation
algorithms [[77H80]: it first obtains estimates at discrete steps and then runs fine-grained simulations
for each interval. By resetting the state to the true conditional mean at the start of each interval, our
sampler reduces mean estimation error and prevents error accumulation over time. Notably, the SDE
simulation requires no additional NFEs and adds negligible computational overhead compared to
neural-network inference, since it involves only simple arithmetic operations that can be executed
efficiently on CPUs. For reference, we also present the standard EM solver in App.

5 Experiments

In this section, we extensively examine Neural MJD’s performance on synthetic and real-world
time-series datasets, highlighting its applicability in business analytics and stock price prediction.



Table 1: Quantitative results on the synthetic dataset. oxs1—-
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Baselines. We evaluate Neural MJD against a wide range of competitors, including statistical
methods such as ARIMA [81]], the BS model, and the MJD model. Additionally, we compare against
learning-based approaches, including supervised learning models such as XGBoost [82], MLPs,
GCNs [83]], as well as denoising diffusion models like DDPM [45]], EDM [|84], and flow matching
(FM) [477]. We include recent neural ODE or SDE based learning methods such as Neural CDE [33]]
and LatentSDE [59] for comparisons. NJ-ODE [85]] was further included on the S&P 500 dataset.
We also design a baseline model, Neural BS, which shares the same architecture as Neural MJD
but omits the jump component. For DDPM, EDM, FM, Neural BS, and Neural MJD, we share
the same transformer-based backbone to ensure a fair comparison. Since some datasets contain
graph-structured data as seen in the following section, we incorporate additional graph encoding steps
based on Graphormer [86] to capture spatial features, which also justifies the inclusion of GCN as a
baseline. Further details are provided in App.

Evaluation metrics. We employ Mean Absolute Error (MAE), Mean Squared Error (MSE), and the
R-squared (R?) score as the primary evaluation metrics. To account for stochastic predictions, we run
each stochastic models 10 times and report results across three types of metrics: 1) Mean Metrics:
used for deterministic models or to average the results of stochastic models; 2) Winner-Takes-All
Metrics: we select the best prediction from ten stochastic samples to compute minMAE, minMSE,
and maxR?; 3) Probabilistic Metrics: these metrics assess the likelihood of stochastic predictions
and select the most probable outcome to calculate p-MAE, p-MSE, and p-R?. We mark N/A for
inapplicable metrics for certain methods. Please refer to App. [D|for more details.

5.1 Synthetic Data

Data generation. We evaluate our algorithm on a scalar Merton jump diffusion model. The dataset
consists of N = 10, 000 paths, generated using the standard EM scheme with 100 time steps. Using
a sliding window with stride 1, we predict the next 10 frames from the past 10. The data is split into
60% training, 20% validation, and 20% testing. Refer to App. [D|for details.

Results. Tab. [I|reports quantitative results on the jump-driven synthetic dataset. Learning-based
methods outperform traditional statistical models (ARIMA, BS, and MJD), and our Neural MJD tops
all three evaluation protocols, surpassing Neural BS thanks to its explicit jump modeling objective.
Qualitatively, as shown in Fig. 3] our Neural MJD generates larger, realistic jumps, while the baselines
produce smoother but less accurate trajectories.

5.2 Real-World Business and Financial Data

Business analytics dataset. The SafeGraph&Advan business analytics dataset combines proprietary
data from Advan [87] and SafeGraph [88] to capture daily customer spending at points of interest
(POIs) in Texas, USA. It includes time-series features (e.g., visits, spending) and static features (e.g.,
parking availability) for each POI, along with ego graphs linking each POI to its 10 nearest neighbors.
Using a sliding window of 14 input days to predict the next 7, the dataset spans Jan.—Dec. 2023 for
training, Jan. 2024 for validation, and Feb.—Apr. 2024 for testing.

Stock price dataset. The S&P 500 dataset [89] is a public dataset containing historical daily prices
for 500 major US stocks. It comprises time-series data without additional contextual information.
We construct a simple fully connected graph among all listed companies. Similarly to the business
analytics dataset, we employ a sliding window approach with a stride of 1, using the past 14 days as
input to predict the next 7 days. The dataset is divided into training (Jan.—Dec. 2016), validation (Jan.
2017), and testing (Feb.—Apr. 2017) sets. Refer to App. [D|for further details about the datasets.



Table 2: Quantitative results on the SafeGraph&Advan business analytics dataset.

Metrics | Mean | Winner-takes-all | Probabilistic

Model | MAE, MSEl R?*t | minMAE|, minMSE| maxR?{ | p-MAE| p-MSE| p-R*t
ARIMA 152.6  1.66e05 -0.183 N/A N/A

BS 135.5 1.05e05 0.102 112.8 9.01e04 0.159 121.5 9.87¢04  0.138
MID 131.8  9.98¢04 0.127 109.6 8.48e04 0.169 117.6 9.02¢04 0.144
XGBoost 124.0 9.76e04  0.303 N/A N/A

MLP 109.5 8.18¢04 0416 N/A N/A

GCN 95.2 7.12e04  0.432 N/A N/A

DDPM 68.5 4.75¢04  0.501 58.9 4.48e04 0.529 N/A

EDM 57.6 4.35¢04  0.525 494 3.76e04 0.556 N/A

FM 54.5 4.32¢04  0.540 47.8 3.58e04 0.552 N/A
NeuralCDE 946  7.09¢04 0425 N/A N/A
LatentSDE 75.7 5.26e04  0.487 66.5 4.58¢04 0.498 \ N/A

Neural BS 56.4 4.17e04 0.539 45.6 3.45e04 0.561 55.9 4.16e04  0.538
Neural MJID (ours) 54.1 4.18¢04 0.549 42.3 3.19¢04 0.565 53.0 4.10e04  0.550

Table 3: Quantitative results on the S&P 500 stock dataset.

Metrics \ Mean Winner-takes-all \ Probabilistic

Model | MAE, MSE, R?*{ | minMAE, minMSE| maxR?t | p-MAE| p-MSE| p-R?*f
ARIMA 62.1 3.67e04 -0.863 N/A N/A

BS 65.1 4.01e04 0.052 44.6 1.79¢04 0.145 52.8 2.03¢04 0.105
MJD 64.3 3.58¢04 0.092 40.7 1.22e04 0.235 49.7 1.67e04 0.112
XGBoost 44.3 1.64e04  0.170 N/A N/A

MLP 44 .4 1.57e04  0.205 N/A N/A

GCN 44.7 1.53e04 0.224 N/A N/A

NJ-ODE 46.8 1.69¢04  0.208 N/A N/A

DDPM 422 1.88¢04  0.235 36.8 8.42e03 0.470 N/A

EDM 37.1 1.68e04  0.249 27.6 5.01e03 0.542 N/A

FM 349 8.47¢03  0.368 19.8 3.59¢03 0.625 N/A

Neural CDE 42.8 1.46e04 0.201 N/A N/A

LatentSDE 39.8 1.44e04 0.212 20.8 3.49¢03 0.617 N/A

Neural BS 31.6  4.32¢03 0.781 12.6 8.04e02 0.959 22.3 2.19¢03  0.889
Neural MJD (ours) 154 1.36e03  0.953 3 1.46¢e02 0.995 13.6 1.08¢03  0.963

Results. Tab. 2]reports results on the SafeGraph&Advan dataset covering POIs revenue prediction,
which is measured in dollars. Denoising generative models (e.g., DDPM, EDM, FM) show strong
performance, significantly outperforming simple supervised baselines like GCN. Neural MJID further
improves upon the strong FM baseline, especially in winner-takes-all metrics, indicating better diver-
sity and accuracy in generating plausible outcomes through simulated jumps. While denoising models
support likelihood evaluation, their high computational cost—requiring hundreds of NFEs—makes
them unsuitable for large datasets. In contrast, Neural MJD enables fast likelihood evaluation without
such overhead, which enables the computation of probabilistic metrics.

Tab. 3] shows similar results on the S&P 500 dataset. FM again outperforms conventional baselines,
including ODE based NJ-ODE and Neural CDE, and Neural MJD achieves the best overall perfor-
mance, effectively capturing volatility and discontinuities in stock time-series data. For completeness,
we also report results for additional deterministic time-series baselines in Appendix [D.3]

Table 4: Ablation study on the effect of teacher forcing

(TF) and Euler—Maruyama (EM).

Table 5: Runtime comparison.

| Mean

| Winner-takes-all |

Probabilistic

Model | Train (ms) | 1-run (ms) | 10-run (ms)

Model | MAE| R®% | minMAE, maxR®> 1 | p-MAE| p-R*>?1

Ours 66.7 0.495 574 0.511
w. TF 101.5 0325 85.6 0.331
w. EM 85.6 0.397 79.4 0.423

64.5
99.8
84.4

MLP 65.2 522 N/A

GCN 2713 250.7 N/A
oa9 EM 184.6 275.4 2696.3
0324  Ours 183.5 166.8 179.2
0.405




5.3 Ablation Study

We perform ablation studies to evaluate (i) the training algorithm described in Alg. [T]and (ii) the
Euler-Maruyama with restart solver introduced in Sec. For the ablations, we use 10% of the
SafeGraph&Advan business analytics training set for training and evaluate on the full validation set.

The results are presented in Tab.[d] Our training algorithm computes the MLE loss using the model
predictions instead of ground truth, unlike teacher forcing. This improves training stability and
reduces the generalization gap. Additionally, we empirically show that the vanilla EM solver results
in higher variance and worse performance compared to our solver.

Additionally, we compare the runtime of our method against various baselines in Tab.[5] Thanks to
the efficient numerical simulation-based forecasting framework that does not increase NFEs, our
models are particularly well-suited for efficient multi-run stochastic predictions.

6 Conclusion

We introduced Neural MJD, a neural non-stationary Merton jump diffusion model for time series
forecasting. By integrating a time-inhomogeneous It6 diffusion and a time-inhomogeneous compound
Poisson process, our approach captures non-stationary time series with abrupt jumps. We further
proposed a likelihood truncation mechanism and an improved solver for efficient training and
inference respectively. Experiments demonstrate that Neural MJD outperforms state-of-the-art
approaches. Future work includes extending to more challenging data types like videos.
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A Derivations of the Stationary Merton Jump Diffusion Model

In this section, we briefly review the mathematical derivations from classical textbooks to ensure the
paper is self-contained. Our primary focus is on the case where the state variable S is scalar, as is
common in many studies. However, in Sec. El, we extend our analysis to the more general R? setting.
Notably, in our framework, we do not account for correlations among higher-dimensional variables.
For instance, the covariance matrix of the Brownian motion is assumed to be isotropic, meaning all
components have the same variance. To maintain clarity and consistency with standard textbook
conventions, we adopt scalar notations throughout this section for simplicity.

A.1 MJD and Lévy Process

Definition A.1. Lévy process [65, Definition 3.1] A cadlag (right-continuous with left limits)
stochastic process (X;);>o on (£, F,P) with values in R4 such that X = 0 is called a Lévy process
if it possesses the following properties:

1. Independent increments: For every increasing sequence of times tg, t1, . .., t,, the random
variables X, X¢, — X4,,...,X¢, — X, , are independent.

2. Stationary increments: The law of X, — X, does not depend on ¢.
3. Stochastic continuity: For all € > 0, limy, o P(| X;1p — X¢| > €) = 0.

A Lévy process (X;)¢>0 is a stochastic process that generalizes jump-diffusion dynamics, incorporat-
ing both continuous Brownian motion and discontinuous jumps. The Merton Jump Diffusion (MJD)
model given by,

dS, = Si((p — Ak)dt + cdW; + dQ,), (15)

is a specific example of a Lévy process, as it comprises both a continuous diffusion component and a
jump component. According to the Lévy-Itd decomposition (65, Proposition 3.7], any Lévy process
can be expressed as the sum of a deterministic drift term, a Brownian motion component, and a pure
jump process, which is represented as a stochastic integral with respect to a Poisson random measure.

A.2 Explicit Solution to MJD

To derive the solution to MJID in Eq. (@), based on [65| Proposition 8.14], we first apply It6’s formula
to the SDE:

2 92
(5.t) = 2500 4y, DG 20 g(g,t)dt+wtafé§»t)
+ [£(S) = £(Si)) (16)

where by = (u — \k) Sy, we = 05y, and S;_ represents the value of S before the jump at time ¢.

dW;

By setting the function f(St, t) = In Sy, the formula can be rearranged as:

2q2 92
81;ltst alnStdt_’_USt(“) 1nStdt+JSt81nStth

IS, 2 057 05,
+ [In(S) — In(S;—)]

L
S

2Q2
(= MRSt 4 T

St 5 (_StQ)dt+O'St(

)th -+ [ln(St) — hl(St_)]

2
— (3 — Mk)dt — %dt + odW, + [In(S;) — In(S;_)] (17)

From the definition of the Compound Poisson process, we have that S; = Y;S;-, such that In(S;) —
In(S;-) = InY;. Here, Y; is the magnitude of the multiplicative jump. Therefore, integrating both
sides of Eq. (I7), we get the final explicit solution for MJD model:
1 al
lnSt—lnSO:(u—)\k‘—502)t+0Wt+ZlnYi. (18)

=1
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We can reorganize the explicit solution as:

o2 e
St:SOexp<(,u—)\k—z)t—i-aWt—i—ElnY; , (19)
since the drift term, diffusion term and jump term are independent, we can derive the mean of S;

conditional on Sy:
o? i
exp ((,u — Mk — 2) t+oW;+ Zlnﬁ)

i=1

=S,F {exp ((u — Nk — ";) t)] -E [exp (6W})] - E [exp (i} 1n1g>

0'2 0'2
=Sy exp (<u — Mk — 2) t> - exp (2t> - exp (Akt)

=Sp exp (ut) (20)

E[S¢|So] =SoE

A.3 Likelihood Function of MJD

For the log-likelihood derivation, given the conditional probability in Eq. (@), the log-likelihood of
the MJD model can be expressed as:

log P (In S]So) =log Y _ P (N; = n) P (In S| So, Ny = n)

n=0

=log Z exp (—At)
n=0

(A)™ 1 (In Sy — a,)?
exp| ———5——
n! \/2mb2 262

)"

=lo iex ~Xt +1lo gL (nSi—an)
gn:o g & gm 202

> logh?  (InS; —an)’
=log Z exp | —=At + nlog (At) —logn!v2mr — o
n=0

—~

2 22 ’
(21)

where a,, =InSo+ (p — Ak — ‘772 t+nvand b2 = ot ++*n. In maximum likelihood estimation

(MLE), the initial asset price .Sy is assumed to be constant (non-learnable) and can therefore be ex-
cluded from optimization. The objective of MLE is to estimate the parameter set © = {yu, o, \, v, v}
by maximizing the likelihood of the observed data under the estimated parameters. For the MID
model, the MLE objective is to determine the optimal parameters 6. By omitting constant terms and
expanding s,, and a,,, the final expression of the MLE objective can be simplified as:

O = arg max log P(In S¢|So)

log (0215 + n’yQ)

- 1 (At +nlog (\t) -
arg max ogZeXp + nlog (At) 5

n=0

(InS; —In Sp — (u— %2 —/\k’)t—nu)2

a 2 (o2t + nvy?) ) 22)

According to [90], the Fourier transform can be applied to the Merton Jump Diffusion log-return
density function. The characteristic function is then given by:

de(w) = /OO exp(iwz)P(z)dz

2, .2 2 2,2
:exp[)\t{exp<iwu+’yzw)—1}+iw<(,u—02—Ak)t)—a;t], (23)
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where ¢ = In %
0

With simplification ¢.(w) = exp [tg(w)], we can find the characteristic exponent, namely, the
cumulant generating function (CGF):

2 2 2 2 2
g(w)A{exp(in+7;>1}+iw(,u02/\k)J;, 24

where k = exp (v +v%/2) — 1.
The series expansion of CFG is:

w2k W3k
g(w) = iwky — = 24 : 2. (25)
According to [65, Proposition 3.13], the cumulants of the Lévy distribution increase linearly with ¢.

Therefore, the first cumulant &, is the mean of the standard MJD:

S,
ki(t)=E {ln St} = (n— M —0?/2+ M)t (26)
0
The second cumulant k5 is variance of the standard MJD, which is:
ko(t) = Var {ln gt} = (o + A" +17))t (27
0
The corresponding higher moments can also be calculated as:
Skewness = k3 (t) =\(3*v +v°)t (28)
Excess Kurtosis = ky(t) =\(37* + 60°~% + v*)t (29)

B Derivations of the Non-stationary Merton Jump Diffusion Model

B.1 Non-stationary MJD and Additive Process

Definition B.1. Additive process [65 Definition 14.1] A stochastic process (X;)¢>o on R4 is called
an additive process if it is cadlag, satisfies Xy = 0, and has the following properties:

1. Independent increments: For every increasing sequence of times tg, t1, . .., t,, the random
variables X, X¢, — X4,,...,X¢, — Xy, , are independent.

2. Stochastic continuity: For all € > 0, limy, o P(| X1 — X¢| > €) = 0.

In the non-stationary MJD model, given by,
A4S, = Sul(ue ~ M)t + 0 dWe + [ (= DN (e, dy), (30)
R

the parameters governing drift, volatility, and jump intensity evolve over time, resulting in non-
stationary increments. This violates the key stationarity property required for Lévy processes,
as discussed in App. [A] Consequently, the non-stationary MJD no longer falls within the Lévy
process framework. Instead, according to the definition above, a stochastic process with independent
increments that follow a non-stationary distribution is classified as an additive process. Similar to
the relationship between the stationary MJD and the Lévy process, the non-stationary MJD can be
viewed as a specific instance of an additive process. Thus, we can apply corresponding mathematical
tools for additive processes to study the non-stationary MJD.

B.2 Explicit Solution to Non-stationary MJD

To derive the explicit solution to the non-stationary MJD, according to [65, Proposition 8.19], we
have the Itd formula for semi-martingales:

t t t 52
X0 - 10,%0) = [ gy [OIER) gy [P OIS )

FY X - S X - ax, 20X

ox
0<s<t,AX 70

]. 31)
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According to [63, Remark 8.3], for a function independent of time (i.e., f(t, X;) = f(X;)), when we
have finite number of jumps, we can rewrite the above equation as:

(X)) — F(Xo) = / FX)AXS + 5 / PEOAX X K — f(Xa),

0<s<t,AX;#0

where X¢ is the continuous part of X, and [X, X< is the continuous quadratic variation of X over
the interval [0, s].

In our case, let X; = Sy, and define f(¢, X;) = In S, the corresponding derivatives are %}ft) =

dlnsS, _ 1 2 f(t,Xy) _
nd X2

8St - St ’

The dynamics of non-stationary MJD is defined by:

1
_St2~
dSt = St <Mtdt - /\tktdt + O'tth + / (y - 1)N(dt,dy)> .

Rd

The continuous part of the quadratic variation of S; is d[S, S]¢ = S?o?dt. A jump at time s is mod-
eled as a multiplicative change Ss = yS,_. Thus, the jump contribution is } o, <, A x,z0lf(Xs) —
F(Xs2)] =2 0<sct.ax,zolln(ySs—) —In(Ss-)] = 325 << ax. 200yl Since the jump process
is driven by a Poisson random measure N (dt,dy) on [0,t] x R%, we can rewrite the sum over all
jump times as an integral with respect to this measure. When there are finitely many jumps on [0, ¢],
we have o o Ax.zolny] = fo Jpa InyN (ds, dy).

Based on [65, Ch. 14], even when the parameters (drift, volatility, jump intensity, etc.) are time-
dependent, the non-stationary MJD remains a semi-martingale. Therefore, we can simplify the
equation as follows for time ¢:

t 1 1 s t
1nst—1nso:/ &8s e = Ak ds - o [ 8% 2ds—|—/ ooV,
0 s 0

2/, S?
+/ InyN(ds, dy) (32)
[0,¢] x R4
Therefore, the explicit solution is:
St t 2 t
In — —/ (s — Asks — fb)ds—l—/ o, dW —|—/ / InyN(ds, dy). (33)
SO 0 2 0 Rd

The only assumption needed for the derivation is the finite variation condition: fo Jz lyIN(ds, dy) <
oo. Based on the explicit solution for .Sy, we can easily compute the conditional expectations as,

t 2 t
Bln(S/So)) = [ (e~ Ak~ Fts+ [ [ modpodpds. 6o
0 0 R4
and
t
E [$,]S0] = So exp! / adls), (35)
0

The variance can also be calculated as,
t t
Var [In(S¢/So)] = / o?ds + / / (Iny)?As fy (s,y)dyds. (36)
0 0 JRrd

Given the results for the general time-inhomogeneous system, one can directly substitute the coeffi-
cients into the discrete formulation implemented in Sec. to obtain the corresponding results.

B.3 Likelihood Function of Non-stationary MJD

Let X; = In S;/In Sy, t > 0 be the log-return of the asset price S;. Under the non-stationary MJD
settings, X is an additive process, therefore by the general property of additive process [65, Ch 14],
the law of X; is infinitely divisible and its characteristic function is given by the Lévy—Khintchine
formula:

Elexp(iu - X1)] = exp ¢y (u),
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where )
Pi(u) = —gu- Awu+iu - Ty + / n(dy) (e™* —1—iu-z), 37
R4

where we have the integrated volatility term A; = fg osds, the integrated drift term I'; = fot (1
Asks)ds, and the Lévy measure 7(dy) = A fy (¢, v).

Since the jumps follow a time-inhomogeneous Poisson random measure and the process is additive,
we can denote the integrated intensity of jumps by A(¢ fo Asds, then the number of jumps Vy

in the time range [0, ] is a Poisson distribution Wlth th1s integrated jump intensity A(t). When
conditioning on Ny, we will have:

exp(—A())A@®)"

P(Ntzn): ol

(38)

We now derive the conditional density P(In S;|N; = n,Sp), and here we can start with the case of
one jump. When there is exactly one jump in [0, ¢], the jump time s; is random. Given jump time s1,
in a time-inhomogeneous setting, the instantaneous probability of a jump at time s is proportional
to As,. According to the dynamics of non-stationary MJD, the continuous part of the log-return

leads to a normal distribution with mean being a; = In Sy + fo ( — Ak > ds + v, , and

variance being b? = 0 o2ds+92. .- Thus, the conditional density of In S; given one jump at time
5118 ¢(In Sy; a1, b?), where ¢(+; ay,b?) denotes the Gaussian density with mean a1 and variance b?.
Since the jump could have occurred at any time in [0, ¢|, we must integrate over the possible jump
time s1. Therefore, the conditional density given N; = 1 is:

1 t
P(InSy|N; = 1,5) = t)/ As, @(In S ay,b?) dsy, (39)
0

A(
where ﬁ normalizes the density.

When generalizing to the case of N* = n, the conditional density P(In S;|N; = n, Sp) is defined via
an integration over the n jump times, with the jump times denoted by 0 < s, ..., 5, < t.

Because the process is time-inhomogeneous, the probability density that a jump occurs at a specific
time s; is given by the instantaneous rate \,,, therefore for a given set of jump times, the joint density
for the jumps is proportional to II7 1)\ . The conditional density can be written as:

P(In S;|N; =n,Sp) = / / "X, &(In St; ay,, b2 ) dsy - - - dsy, (40)
[0,¢]

Here ¢(In S;; a,,, b2) is the density of a normal distribution with mean a,, and variance b2, which are
defined by:

t 2 n
US
a, = In Sy —l—/o (us — Asks — 2) ds + ;:1 Vs,
2 ! 2 }n: 2
bn :/ Usdt+ Vs;
o =

For convenience, we may write the mixture term as

d,, = / e / I A, o(In Sy an, bfl) dsy---ds, 41)
[0,t]
Therefore, for the time-varying SDEs, the conditional probability of In S; is given by,
o~ exp(—A(t))
P (In S;|So) = ZT% (42)
n=0
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C Proofs of Theorem and Proposition

C.1 Proof of Theorem

Theorem 4.1. Let the likelihood approximation error in Eq. (12)), truncated to at most k jumps, be
\IJK(t,é) = ZOO P(AN = n) P (ln St+5 | St,C,AN = n) .

n=k+1

Then, U, (t,d) decays at least super-exponentially as k — 0o, with a convergence rate of O(k™").

Before diving into the proof, we first introduce two important lemmas.
Lemma C.1 (Theorem 2 in [2]]). Let Y ~ Pois(m) be a Poisson-distributed random variable with

mean m. Its distribution function is defined as P(Y < k) = exp(—m) Zf:o ’7—,1, with integer

supportk € {0,1,...,00}. Fork =0and k = oo, one has P(Y < 0) = exp(—m), P(Y < c0) =
1. For every other k € {1,2,3,...}, the following inequalities hold:

o (Sign(k —m)+/2H (m, k)) <PY<k)<® (sign(k +1- m)m) ,

where H(m, k) is the Kullback-Leibler (KL) divergence between two Poisson-distributed random
variables with respective means m and k:

H(m, k) = Dk (Pois(m)||Pois(k)) =m — k+ kln (Z) .

And ®(x) is the cumulative distribution function (CDF) of the standard normal distribution and
sign(-) is the signum function.

Lemma [C.T]is particularly helpful in our proof below. We also acknowledge its foundation in an
earlier work [91]], which provides many insights and a profound amount of valuable knowledge on its
own.

Lemma C.2 (Bounds on the Standard Normal CDF). The following upper bound for ®(-) holds
when x < 0:
¢(x)

q)(x) <,
||
where ¢(x) = % is the probability density function of the standard normal distribution.

Proof. By the Mills’ ratio inequality for the Gaussian distribution [92], we have 1 — ®(z) <
@,Vm > 0. Using the identity ®(—z) = 1 — ®(z) for > 0, we immediately obtain: ®(—z) <
@, Va > 0. For z < 0, substituting —z into the previous bound and noting that ¢(—z) = ¢(x),
we obtain ®(z) < %,Vm < 0. O

Proof of Theorem (4.1
Proof. The original likelihood objective in Eq. is as follows:

P (InSy44|S:,€) = > P(AN =n) P(In Sy 15|S:,C, AN = n)

n=0
> A, 0)"
— Zexp (7/\/11,5) %qﬁ (lnSt_,_(;;an,a,bi?(;) (43)
n=0 ’

& n o 2
= Zexp (=Ap,0) Ap0)® 1 exp <(ln Se+s = anb) )

t 2
n=0 n! A /27Tb121,5 2bn,5

where ¢ is a small time change so that p, — 1 <t <t + 8 < pt, ans = In Sy + (pp, — A
021/2)5 + nv,, and 32’5 = 012)‘5 + *ygtn.

Pt kﬂt -
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‘We define the truncation error with a threshold « as:
U, (t,0):= Y  P(AN=n)P(InSs| S, C,AN =n). (44)
n=rk+1

The second term P (AN =n) P (In Sy45 | St,C, AN = n) is a Gaussian density function and upper
bounded by ﬁ, so the truncation error ¥, (¢, §) is bounded by:
T™n.s

w(t,0) < P (AN =n) (Gaussian density bound)
n:f'i+1 \/ 27Tb% 5
P (AN =n) (by,s increases as K goes up)
\/ K+1 § n= N+1
=—(1- Z P (AN =n)) (property of Poisson CDF)
\/ 27sz,+1 5 n=0
1 .
< <1 P (sign(k \/QDKL Pois(A, (5)|POIS(H)))> (LemmalC.T)
\/ 27rbi+1’5
1 . . . .
= ———®(sign(\0 — k) \/QDKL(P01S(/\M(5)||P01s(/<;))) (Gaussian CDF)

\/ 27rbi+1 5

As stated above, the KL divergence between two Poisson distributions follows

Dy, (Pois(a)||Pois(b)) = a — b+ bln(g)

Therefore,

1

\ /27rbi+1 5
1

i \/2 (07,0 +77.( Jrl))q)<Sign(>\pt5_H)\/Q()‘m(g—mﬁ—ﬂln()\ﬂé)))
noneTe Pt
1

P (51gn(>\ )\/2(/\91,5 —K— Hln(w)))
\/27ra O +72 (k4 1)) k w

Intuitively, the truncation error decreases to zero as x approaches infinity. Below, we analyze the

U, (t,0) < o (sign()\pté — k) \/QDKL(Pois(Apt6)|Pois(m))) :

convergence rate. When &« is sufficiently large, the term sign (A”Tt& — 1) is negative. Consequently,
the upper bound becomes:

1 Api0
\/27T - 1))(I> (—\/Q(Apt(S — K= /sln(K)))
] (b(—\/Q()\pté—/f—mln()";‘[s))

\/27r 02,0 +72,(k+1)) \/2 m—ﬁln()“;’ﬁ&))
exp (— )\p,5—|—f€+/€1n(T’))
2 2025+ 2R (5 + D) — ()

(LemmalC.2)

As k — 00, the numerator is dominated by exp(—« In ), which decays super-exponentially (faster
than any polynomial or exponential decay). The denominator consists of two components:
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e The first term, \/ 02,0 +72,(k + 1), scales asymptotically as 7,, v/k.

¢ The second term, \/(Apﬁ —k—kln (A’:(;)>, scales as vk In k.

Combining all terms, the upper bound scales as:

—K

1 exp(—klnk) K

27v/27,, kVInk wVInk

The term x~" decays super-exponentially, while the denominator grows algebraically (as kv 1n x).
The rapid decay of x~" dominates the polynomial growth in the denominator. The overall convergence
rate is super-exponentially fast, at the rate of O(exp(—«1nk)) or equivalently O(k~").

Since the upper bound of U, (t,d) decays at the rate of O(x~") and ¥ (¢, ) is strictly positive,
this implies that the original quantity W, (¢, ) must decay at least as fast as the upper bound. This
completes the proof.

O

C.2 Proof of Proposition d.2]

Proposition C.3. Let 1/M be the step size. Both standard EM and our solver exhibit a weak
convergence rate of O(1/M). Specifically, the vanilla EM has a weak error of e¥ < K exp(Lt)/M
for some constant L > 0, while ours achieves a tighter weak error of € < K exp(L(t — [t]))/M.

Proof. Here, we prove that this restart strategy has a tighter weak-convergence error than the standard
EM solver. Recall that we let ¢; := |E[g(S;)] —E[g(S;)]| be the standard weak convergence error [[73],
where S; is the ground truth state, S; is the estimated one using certain sampling scheme and g is a
K -Lipschitz continuous function. We denote the weak convergence errors of our restarted solver and
the standard EM solver by ¢[? and €7, respectively.

Step 1: Standard EM Results on Time-Homogeneous MJD SDEs

Early works on jump-diffusion SDE simulations explored the weak error bounds, which we summarize
as follows. For time-homogeneous MJD SDEs, the error term ef of the standard EM method is
dominated by ¢ < K exp(Lt)/M. This is supported by the following: (a) Theorem 2.2 in [76]
establishes the O(1/M) rate; (b) Sec. 4-5 of [76] and Theorem 2.1 of [93] shows that €Z grows
exponentially regarding time with a big-O factor O(eKP(t)). In particular, the time-dependent term in
the error bound e7(*) used in the proof of [76] is rooted in their Lemma 4.1, which can be proven in
a more general setting in [93]]; e.g., Eq. (2.16) in [93]] discusses concrete forms of K, (¢), which can
be absorbed into O(e*) for some constant L > 0. Lastly, the K -Lipschitz condition of the function g
provides the coefficient K in the bound. For a detailed proof—which is more involved and not central
to the design and uniqueness of our algorithm—we refer the reader to [75}/94]. When combining the
above existing results from the literature, we can derive the error bound of ¢ < K exp(Lt)/M.

Step 2: Standard EM Results on Time-Inhomogeneous MJD SDEs

Our paper considers time-inhomogeneous MJD SDEs, with parameters fixed within each interval
[ —1,7) (t € N, 7 > 1). This happens to align with the Euler-Peano scheme for general time-
inhomogeneous SDEs approximation. As a specific case of time-varying Lévy processes, our MJD
SDEs retain the same big-O bounds as the time-homogeneous case. Namely, the standard EM solver
has the same weak convergence error € < K exp(Lt)/M, as in the time-homogeneous MJD SDEs.
This can be justified by extending Section 5 of [76] that originally proves the EM’s weak convergence
for time-homogeneous Lévy processes. Specifically, the core technique lies in the Lemma 4.1 of [[76],
which, based on [93]], is applicable to both time-homogeneous and Euler-Peano-style inhomogeneous
settings (see Remark 3.3.3 in [93]]). Therefore, equivalent weak convergence bounds could be attained
by extending Lemma 4.1 of [76] with proofs from [93]] thanks to the Euler-Peano formulation.
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Figure 4: Neural MJD training pipeline. The symbol p represents the MJD parameters
{tbry 07y Ar, Vs, 7 } in our model.

Step 3: Our Restarted EM Solver Error Bound

We now discuss the error bound for the restarted EM solver, €. Thanks to explicit solutions for future
states {51, 52, ..., ST, }, we can analytically compute their mean E[S,|C], 7 > 1, based on Eq. ,
which greatly s1mphﬁes the analysis. Using the restart mechanism in line 10 of Alg.[2] we ensure
that E[S; |C] from our restarted EM solver closely approximates the true E[S;|C] at restarting times.
€l is significantly reduced when restart happens (when  is an integer in our context for simplicity),
then it grows again at the same rate as the standard EM method until the next restart timestep. This
explains the O(e! %)) difference in the error bounds of €/ and €, where |t] is the last restart time.
Note that we could make the restart timing more flexible to potentially achieve a tighter bound in
terms of weak convergence. However, this may affect the diversity of the simulation results, as the
fidelity of path stochasticity could be impacted. O

D Experiment Details

D.1 Baseline, Model Architecture, and Experiment Settings

For the statistical BS and MJD baselines, we assume a stationary process and estimate the parameters
using a numerical MLE objective based on past sequences. For the other deep learning baselines,
including DDPM, EDM, FM, Neural BS, and Neural MJD, we implement our network using the
standard Transformer architecture [25]. All baseline methods are based on the open-source code
released by their authors, with minor modifications to adapt to our datasets. Note that the technical
term diffusion in the context of SDE modeling (e.g., Merton jump diffusion) should not be conflated
with diffusion-based generative models [45]]. While both involve SDE-based representations of data,
their problem formulations and learning objectives differ significantly.

We illustrate the training loss computation pipeline for Neural MID in Fig. ] Notably, the loss
computation can be processed in parallel across the future time-step horizon, eliminating the need for
recursive steps during training. We normalize the raw data into the range of [0, 1] for stability and
use a regularization weight w = 1.0 during training. All experiments were run on NVIDIA A40 and
A100 GPUs (48 GB and 80 GB VRAM, respectively).

D.2 Datasets Details

For all datasets, we normalize the input data using statistics computed from the training set. For
non-denoising models, normalization maps the data to the range [0, 1]. In contrast, for denoising
models (DDPM, EDM, FM), we scale the data to [—1, 1] to align with standard settings used in image
generation. Importantly, normalization coefficients are derived solely from the training set statistics.
Further details on this process are provided below.
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Figure 5: Visualization of Ego Graph Dataset Construction in Austin, Texas

Synthetic Data. We generate synthetic data using a scalar Merton Jump Diffusion model. The
dataset consists of N = 10, 000 paths over the interval [0, 1], simulated using the Euler scheme with
100 time steps. To facilitate time-series forecasting, we employ a sliding window approach with a
stride of 1, where the model predicts the next 10 frames based on the previous 10. The dataset is
divided into 60% training, 20% validation, and 20% testing. For each simulation, model parameters
are randomly sampled from uniform distributions: p ~ U(0.1,0.5), o ~ U(0.1,0.5), A ~ U(3,10),
v ~ U(-0.1,0.1), and v ~ U(0.5,1.0). These parameter choices ensure the presence of jumps,
capturing the stochastic nature of the process.

SafeGraph&Advan Business Analytics Data. The SafeGraph&Advan business analytics dataset
is a proprietary dataset created by integrating data from Advan [87] and SafeGraph [88] to forecast
daily customer spending at points of interest (POIs) across Texas, USA. Both datasets are licensed
through Dewey Data Partners under their proprietary commercial terms, and we comply fully with the
terms. For each POI, the dataset includes time-series data with dynamic features and static attributes.
Additionally, ego graphs are constructed based on geodesic distances, where each POI serves as a
central node connected to its 10 nearest neighbors. An visualization is shown in Fig.[5] Specifically,
we use POI area, brand name, city name, top and subcategories (based on commercial behavior),
and parking lot availability as static features. The dynamic features include spending data, visiting
data, weekday, opening hours, and closing hours. These features are constructed for both ego and
neighboring nodes. Based on the top category, we determine the maximum spending in the training
data and use it to normalize the input data for both training and evaluation, ensuring a regularized
numerical range. For training stability, we clip the minimum spending value to 0.01 instead of 0 to
enhance numerical stability for certain methods.

We adopt a sliding window approach with a stride of 1, using the past 14 days as input to predict
spending for the next 7 days. The dataset spans multiple time periods: the training set covers
January-December 2023, the validation set corresponds to January 2024, and the test set includes
February—April 2024. This large-scale dataset consists of approximately 3.9 million sequences for
training, 0.33 million for validation, and 0.96 million for testing.

S&P 500 Stock Price Data. The S&P 500 dataset [89] is a publicly available dataset from Kaggle
that provides historical daily stock prices for 500 of the largest publicly traded companies in the
U.S (CCO 1.0 Universal license). It primarily consists of time-series data with date information
and lacks additional contextual attributes. We include all listed companies and construct a simple
fully connected graph among them. Therefore, for models capable of handling graph data, such as
GCN, our implemented denoising models, and Neural MJD, we make predictions for all companies
(represented as nodes) simultaneously. This differs from the ego-graph processing used in the
SafeGraph&Advan dataset, where predictions are made only for the central node, while neighbor
nodes serve purely as contextual information. To normalize the data, we determine the maximum
stock price for each company in the training data, ensuring that input values fall within the [0, 1]
range during training.

Following the approach used for the business analytics dataset, we apply a sliding window method
with a stride of 1, using the past 14 days as input to predict stock prices for the next 7 days. The
dataset is split into training (Jan.—Dec. 2016), validation (Jan. 2017), and testing (Feb.—Apr. 2017)
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sets. In total, it contains approximately 62K sequences for training, SK for validation, and 15K
for testing. To better distinguish the effects of different methods on the S&P 500 dataset, we use a
adjusted R” score R” = 1 — (1 — R,) - 7222, where n is the sample size and we set the number

of explanatory variables p to be (k — 1)(n — 1)/k, where & = 70.0.

D.3 Additional Deterministic Time-Series Baselines (Third-Party Implementations)

For completeness, we also report results from third-party implementations of Autoformer [93],
TiDE [96], and N-HiTS [97]], provided by the NeuralForecast library (NIXTLA). Results
in the table were produced with the publicly available NeuralForecast package on the same
train/validation/test splits and identical data input (e.g. exogenous stock ticker information) as our
main experiments, using the package’s default training settings without modification.

Table 6: Quantitative results from NeuralForecast (NIXTLA) implementations on the S&P 500
stock dataset.

Model | MAE, MSE| R’?
Autoformer 81.0 2.73e04 0.061
TiDE 27.7 7.28¢03  0.750
N-HiTS 15.5 1.86e03  0.936

D.4 Limitations

Our approach explicitly models discontinuities (jumps) in the time series. Consequently, if the
underlying data lack such jump behaviors—i.e., if they are extremely smooth and exhibit no abrupt
shifts—our jump component may be inaccurately estimated or effectively unused. In these scenarios,
the model can underperform compared to simpler or purely continuous alternatives that do not rely
on capturing sudden changes. For applications where jumps are absent or extremely rare, users
should first verify the presence (or likelihood) of discontinuities in their dataset before adopting
our framework. Additionally, one potential extension is to design an adaptive mechanism that can
automatically deactivate or regularize the jump component when the data do not exhibit significant
jump behavior, thereby reducing unnecessary complexity and improving general performance on
smooth series.

D.5 Vanilla Euler Solver

Algorithm 3 Vanilla Euler-Maruyama Method

Require: Total solver steps M
1: C ~ Dtesb with C = [Spr:07 C]

T

2: {:u’T7o-Ta)\T7VT7’yT}7—f:1 <_f0(C)
3 A« % > Solver time-step
4: fori=0,--- ,M —1do
5: t; iA,tprl — (Z + 1)A, Pt; LtlJ +1
6: i (o, = Apy, Kp,, — 05, /2)A o> Drift
7o Bi < 0, VAz, with 2 ~ N(0,1) o> Diffusion
8: G KV, + VKV, 22

with & ~ Pois(),, A), z2 ~ N (0,1) > Jump

9 In Stwg ISy, + oy + B + ¢
10: return {S;, },

We present the standard Euler-Maruyama solver in Alg. [3] which is used in the ablation study for
comparison with our restarted Euler solver.
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E Impact Statement

This paper introduces Neural MJD, a learning-based time series modeling framework that integrates
principled jump-diffusion-based SDE techniques. Our approach effectively captures volatile dynam-
ics, particularly sudden discontinuous jumps that govern temporal data, making it broadly applicable
to business analytics, financial modeling, network analysis, and climate simulation. While highly
useful for forecasting, we acknowledge potential ethical concerns, including fairness and unintended
biases in data or applications. We emphasize responsible deployment and continuous evaluation to
mitigate inequalities and risks.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction accurately reflect our three main contribution, i.e.,
the time-inhomogeneous Neural MJD model, the ability of tractable learning, and empirical
validation on synthetic and real-world datasets. The supporting theoretical derivations are
provided in Sections [3] [ and appendix (for long proofs), and the empirical results are
provided in Section [5]

Guidelines:

¢ The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: The "Limitations" subsection is included in Appendix [D.4]
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: Every novel theorem provides its full set of assumptions, and complete proofs
are provided in the appendix. The theorems drawn from standard textbooks are explicitly
cited.

Guidelines:

» The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: We have clearly stated the training (Algorithm [I)) and sampling (Algorithm
[2) procedure in algorithm boxes, and the modeling and dataset details are described in
both Section[5]and the appendix. Additionally, we will release our code once the paper is
accepted.

Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).
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(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]

Justification: We will release our code once the paper is accepted. For the dataset, the
synthetic and S&P 500 dataset are publicly accessible, while the anonymized and aggregated
SafeGraph&Advan data can be publicly purchased through Dewey platform.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

¢ Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

 The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: We include full procedure for training (Algorithm[I)) and sampling (Algorithm
[2), outlining every step of our procedure. In Section [5|and Appendix [D] we describe our
dataset preprocessing in full—including the data-splitting strategy, normalization steps, and
relevant hyperparameter settings—to ensure that our experimental setup can be replicated.
Upon acceptance, we will release our source code and reproducible scripts.

Guidelines:

» The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?
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Answer: [Yes]

Justification: Rather than conventional error bars, we report winner-takes-all and probabilis-
tic metrics computed over multiple inference runs in Section [5} which capture the model’s
predictive variability.

Guidelines:

» The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

e It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

e It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

¢ For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

o If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
8. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: We include a detailed runtime comparison Tab.[5] and the specific GPU types
used are listed in the Appendix [D.T]

Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines]?

Answer: [Yes]

Justification: Our work fully conforms with the NeurIPS ethics guidelines, using commer-
cially licensed data responsibly, and ensuring no privacy, fairness, or other concerns arise
from our work.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.
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10.

11.

12.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]
Justification: The broader impacts are discussed as a separate section in the appendix.
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: Our work involves standard time-series forecasting on commercially licensed
and public anonymized and aggregate datasets, and does not release any high-risk generative
models or scraped data, so no special safeguards are required.

Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?
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13.

14.

Answer: [Yes]

Justification: Our models are clearly cited in both main text and the appendix, and dataset
licenses are provided in the appendix.

Guidelines:

* The answer NA means that the paper does not use existing assets.
 The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]

Justification: We will release our code once the paper is accepted, which will be documented.
For the dataset, the synthetic and S&P 500 dataset are publicly accessible, while the
anonymized and aggregate SafeGraph&Advan data can be publicly purchased through
Dewey platform (https://www.deweydata.io).

Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

 The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]

Justification: This project does not involve any crowdsourcing or human-subject experi-
ments.

Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.
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15.

16.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: This project does not involve any human-subject experiments.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
Declaration of LLM usage
Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used

only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]
Justification: This project does not involve LLMs in any core method developments.
Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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