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Abstract

Spatio-temporal graph neural networks have proven efficacy in
capturing complex dependencies for urban computing tasks such
as forecasting and kriging. Yet, their performance is constrained by
the reliance on extensive data for training on a specific task, thereby
limiting their adaptability to new urban domains with varied task
demands. Although transfer learning has been proposed to remedy
this problem by leveraging knowledge across domains, the cross-
task generalization still remains under-explored in spatio-temporal
graph transfer learning due to the lack of a unified framework.
To bridge the gap, we propose Spatio-Temporal Graph Prompting
(STGP), a prompt-based framework capable of adapting to multi-
diverse tasks in a data-scarce domain. Specifically, we first unify
different tasks into a single template and introduce a task-agnostic
network architecture that aligns with this template. This approach
enables capturing dependencies shared across tasks. Furthermore,
we employ learnable prompts to achieve domain and task transfer
in a two-stage prompting pipeline, facilitating the prompts to ef-
fectively capture domain knowledge and task-specific properties.
Our extensive experiments demonstrate that STGP outperforms
state-of-the-art baselines in three tasks—forecasting, kriging, and
extrapolation—achieving an improvement of up to 10.7%.
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1 Introduction

The rise of urban computing has spurred the development of sen-
sor technologies for monitoring urban conditions. The collected
data, often represented as spatio-temporal graphs, has significantly
changed our perception of understanding city environments, lead-
ing to various applications, such as forecasting [23] and kriging [2].
Recently, spatio-temporal graph neural networks (STGNNs) have
stood as a dominant paradigm in urban computing, owing to their
ability to capture complex spatio-temporal dependencies [19, 31, 38—
40, 44]. The success of STGNNS primarily depends on their training
within a singular task and dataset, which necessitates the avail-
ability of extensive data for effective optimization. However, this
reliance on abundant data constrains their generalizability when a
new urban domain with a multi-task requirement emerges [12].
Transfer learning, which focuses on transferring knowledge
across domains and tasks, emerges as a promising machine learning
approach in scenarios where training data is limited [47]. It aims
to leverage knowledge learned from a data-rich source domain
to perform diverse downstream tasks in a data-scarce target do-
main. Nowadays, researchers have realized the data scarcity issue in
spatio-temporal graphs and proposed a variety of solutions [35, 42].
As shown in Fig. 1(a)-(b), these models are first pre-trained on a
source domain and then fine-tuned on a target domain. To achieve
effective domain transfer, they are further supported by a trans-
fer module. For instance, CrossTReS [14] captures domain shift
by a weighting mechanism that filters out patterns exclusively in
the source domain. TPB [25] stores shareable patterns across the
domains by a memory bank. Despite the intriguing performance ob-
tained by these systems, they are specifically designed for the task
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Figure 1: Comparison of existing transfer learning ap-
proaches with our prompt tuning. (a) The pre-trained model
is adapted to a target domain, aided by a domain transfer
model. (b) The spatio-temporal model is pre-trained on a
data-rich source domain. (c) STGP leverages prompts to mod-
ify data, achieving domain and task transfer, respectively.

of forecasting by incorporating task-specific architectures. Con-
sequently, they fall short in achieving task transfer due to their
sensitivity to changes in task specifications [3]. In this work, we
aim to move towards general task-agnostic frameworks that are
capable of performing multiple tasks in the target domain.

To tackle the problem of task transfer, an emerging technique
known as prompt tuning has gained prominence [3]. This con-
cept, originating from Natural Language Processing (NLP), first
unifies different tasks into one task template with a single training
objective. Then, it leverages pre-trained Transformers that are task-
agnostic and employs prompts to instruct task-specific knowledge.
Compared to fine-tuning, prompt tuning gains more efficiency by
freezing the pre-trained model. Meanwhile, it still yields perfor-
mance that is comparable to, or even surpasses the fine-tuning
methods [21]. Recently, the community has found that prompt
tuning can also perform domain transfer by incorporating domain-
specific prompts into the input data [6]. Inspired by this paradigm,
we argue that prompting can similarly be introduced for transfer
learning in spatio-temporal graphs, primarily for two key reasons.
First, prompting can suit different spatio-temporal tasks flexibly by
leveraging a unified task template and task-agnostic architectures.
Second, it provides an innovative idea to achieve both domain and
task transfer efficiently from a data perspective: keeping the model
frozen while adapting the data space of the target domain.

However, applying prompt tuning to spatio-temporal graphs is
non-trivial due to the following challenges. Firstly, to enable task
transfer, the design of the model and the knowledge captured by it
through pre-training should be task-agnostic. Taking language mod-
els [27] as an example, they unify the language tasks into a template
of word prediction and utilize Transformers as the learning model.
The template and the network architecture ensure its applicabil-
ity and the learning of latent space shared by various tasks [30].
Nevertheless, how do we design a model and a task template for
spatio-temporal graphs that preserves shareable dependencies among
tasks is under-explored. Secondly, existing prompting methods treat
domain transfer and task transfer as distinct problems, introducing
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Figure 2: Spatio-temporal graph downstream tasks.

different solutions to address them by using either natural language
or learnable prompts [6, 33]. However, spatio-temporal graphs lack
an effective way to incorporate language that can prompt domain
and task knowledge. Moreover, it is less apparent what mechanism
the learnable prompts should take to guide both transfer objectives.
Thus, how to learn prompts that capture both domain knowledge and
task-specific properties is also a challenge waiting to be solved.

To address the aforementioned challenges, we propose a novel
Spatio-Temporal Graph Prompting framework, termed STGP, with
the goal of facilitating domain transfer while enabling capabili-
ties for multiple downstream tasks. First, we unify spatio-temporal
graph tasks into a single task template, inspired by STEP [32], and
introduce a task-agnostic network that aligns with this template.
Moreover, we introduce a two-stage prompting approach. As de-
picted in Fig. 1(c), the prompting method sequentially learns domain
transfer and task transfer in its respective prompting stages.

In particular, to address the first challenge, we unify spatio-
temporal graph tasks into a data reconstruction template, where
each task is represented as predictions of data at specific masked
spatio-temporal positions. To align with the template, we introduce
a task-agnostic network, empowered by a Transformer-based en-
coder and a gated spatio-temporal decoder, that takes in input data
to predict masked signals. In this work, we adopt predictions of
randomly masked data as the model’s pre-training task to facilitate
the learning of shareable spatio-temporal dependencies. Then, as
illustrated in Fig. 2, we apply the pre-trained model to two com-
mon downstream tasks—forecasting and kriging—and introduce a
new task—extrapolation. The extrapolation task aims at predicting
future signals for nodes lacking historical data, which holds signifi-
cant practical importance. For example, it enables the use of limited
sensors to forecast future traffic conditions across an entire city.

Regarding the second challenge, we decouple the transfer of
domain and task knowledge and propose a prompting pipeline con-
sisting of two stages. The initial stage focuses on domain transfer,
adapting the target domain’s data space to the source domain used
for model pre-training. In practice, we freeze the pre-trained model,
forward the domain-prompted data into the encoder, and train the
prompts using the pre-training task. In the second stage, domain
prompts are fixed and task prompts operate on the representations
produced by the encoder. The task-prompted representations are
fed into the decoder, enabling it to differentiate downstream tasks
and reach optimal performance for each task. Our model is more
efficient than current spatio-temporal transfer learning methods by
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leveraging domain prompts to transfer knowledge without the need
for fine-tuning the pre-trained model. Meanwhile, by employing
task prompting, our STGP shows versatility across multiple down-
stream tasks, yielding superior performance compared to other
baselines. To summarize, our contributions lie in three aspects:

o We introduce STGP, a novel framework for spatio-temporal graph
transfer learning that leverages a unified template and a task-
agnostic network to transfer knowledge across multiple tasks in
the target domain, such as forecasting, kriging, and extrapolation.

e We propose an innovative two-stage prompting strategy, em-
powering STGP to capture domain knowledge and task-specific
properties for effective domain and task transfer.

e We conduct extensive experiments across four public datasets.
The results and discussions highlight the superior performance
of STGP and the efficacy of each component of the model.

2 Related Work
2.1 Spatio-Temporal Graph Neural Networks

STGNNSs have become one of the dominant paradigms for urban
computing [12], leading to a series of applications, such as fore-
casting and kriging. DCRNN [19] and STGCN [44] are two pioneer
methods for forecasting, which employ GNNs to capture spatial
relations and deploy sequential models to model temporal depen-
dencies. Graph WaveNet [40] proposes a matrix learning module to
model hidden structural information, which becomes an influential
idea for following methods [18, 31, 32]. In terms of the task of krig-
ing, a growing number of models have been recently developed to
address it. For instance, KCN [2] applies GNNs to capture depen-
dencies between existing and unknown nodes, while IGNNK [38]
further considers temporal relations. DualSTN [10] learns joint cor-
relations between time and space. SATCN [39] and INCREASE [46]
propose to capture statistical graph information. However, STGNNs
heavily rely on sufficient training data and are designed exclusively
for a specific task. In this study, we are devoted to addressing these
challenges through the proposed prompt-based framework.

2.2 Spatio-Temporal Transfer learning

To improve the performance of STGNN in scenarios with data
scarcity, transfer learning methods are employed for spatio-temporal
data. The model undergoes initial pre-training on a data-rich source
domain and is then transferred to a target domain where data is
scarce. Additionally, a transfer module is introduced to facilitate do-
main adaptation. RegionTrans [35], MetaST [29], and CrossTReS [14]
focus on grid data, learning region correlations between target
and source cities. In the graph setting, ST-GFSL [26] introduces
to generate network parameters specialized for the target domain.
TPB [25] learns temporal patterns shareable across the domains.
TransGTR [15] proposes to generate graph structures for the target
domain that exhibit structural distributions akin to the source do-
main. Although these approaches introduce various transfer mech-
anisms to enhance model performance, most of them are optimized
through a complex meta-learning framework such as Reptile [28] or
MAML [5] that require fine-tuning of the pre-trained model, which
significantly diminishes their efficiency. Moreover, their exclusive
focus on forecasting, using task-specific architectures, results in a
lack of versatility for multiple downstream tasks.
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2.3 Prompt Tuning

Originating from Natural Language Processing, prompt tuning
methods have gained widespread use for adapting pre-trained lan-
guage models to a range of downstream tasks [21]. These methods
formulate the pre-training and downstream tasks into a single
template of word prediction and employ learnable or natural lan-
guage prompts to instruct task-related properties. In recent times,
researchers have discovered that prompting shows potential in do-
main transfer by guiding the model with domain knowledge [6].
Aside from the language tasks, prompting methods have also gained
attention from various research areas such as Computer Vision [11],
Graph Learning [33], and Time Series Modeling [22, 41]. Despite
their success, prompt-based methods remain under-explored in the
context of spatio-temporal learning, with few proposed methods
for graph [20] and grid data [45] that focus on domain transfer only.
Nevertheless, the transfer learning scenario demands simultaneous
management of domain transfer and multi-task capabilities, thereby
amplifying the complexity of the challenge.

3 Preliminaries

We outline the notations for spatio-temporal graphs, followed by
formal definitions of transfer learning and the three specific down-
stream tasks we aim to address.

3.1 Data Notations

Definition 1 (Graph) Sensors can be organized as a graph represented
by G = (V,E,A), where V is the set of nodes, & is the set of
edges, and A € [0, 1] [VIXIVI is the normalized adjacency matrix
describing the weights between nodes.

Definition 2 (Spatio-Temporal Data) Signals gathered by sensors in
the graph are represented as X € RVNXT*4x where N indicates
the number of nodes collecting data, T represents a time window,
and dy denotes the attribute count. We denote the data captured
by node i at time ¢ as xl.t € R~

3.2 Problem Definitions

Definition 3 (Spatio-Temporal Graph Transfer Learning) Consider
a model pre-trained on P source domains with data over an sub-
stantial period Tg (e.g., one year), denoted as QS = {le QI;S}.
When a new target domain G7 with Ty << Tg (e.g., three days)
emerges, the model is required to adapt to this new domain by uti-
lizing knowledge acquired from the source domains and to perform
various spatio-temporal graph learning tasks.

Problem 1 (Forecasting) Given historical signals of T time steps of
N nodes from a target domain, forecasting aims to transfer the
pre-trained model f(-) to predict the data of subsequent T’ steps:

317 LO) et

1)

XT+1:T+T’ e RNXT’de

where is the future readings.

Problem 2 (Kriging) The goal of kriging is to adapt the model f(-)
to predict data of M unobserved locations given the N observed
nodes at the same time window T:

fe)
X1:N = XN+1:N+M>

@)
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Figure 3: The overview of our Spatio-Temporal Graph Prompting framework. (a) The network architecture is task-agnostic
and aligns with the unified template. (b) Domain and task prompts are learned sequentially through the two-stage prompting
pipeline. (c) The tasks are consolidated within a data reconstruction template, where they are represented by masked locations.

where Xni1.N4m € RMXTXdx ig the data of unobserved locations.

Problem 3 (Extrapolation) Given historical signals from N observed
nodes, extrapolation involves using the model f(-) to predict T’
future steps of M unobserved locations:

17 FO) oTerTer
XiN 7 XNs1Nem ®)
where XTHITHT' ¢ RMXT'Xdx denotes the future data of unob-

N+1:N+M
served locations.

4 Methodology

In this paper, we aim to introduce a spatio-temporal graph transfer
learning framework, empowered by prompt tuning, that can be
applied to multiple tasks. To achieve this goal, we first consolidate
the pre-training and downstream tasks into a unified template as
illustrated in Fig. 3(c). Next, we design a network architecture that
aligns with the template (Fig. 3(a)) and propose a two-stage prompt-
ing pipeline for domain and task transfer (Fig. 3(b)), respectively.
In the following sections, we detail each component of STGP.

4.1 Unification Spatio-Temporal Graph Tasks

The effectiveness of applying a pre-trained model to diverse down-
stream tasks greatly relies on a unified task template, which ensures
the learning of shareable latent space across tasks. However, it re-
mains unclear how to unify these tasks for spatio-temporal graphs.
As suggested by [13], different tasks place differing emphases on
spatial and temporal dimensions. For instance, forecasting pre-
dominantly relies on the temporal evolution of historical signals,
while kriging focuses more on the spatial relationships between ob-
served and unobserved nodes. Consequently, existing models have
to adopt task-specific training objectives and architectures to align
with these properties [26, 39], which constrains their applicability
on multiple downstream tasks.

Inspired by STEP [32] and GraphMAE [9], we reformulate the
pre-training and downstream tasks as the reconstruction of masked
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data. As illustrated in Fig. 3(c), this unified template involves pre-
dicting masked data that requires the extraction of useful spatio-
temporal dependencies from unmasked signals. In this way, these
tasks can be defined when they are characterized by masks placed at
specific positions. For example, forecasting predicts masked signals
at future time steps, while kriging aims to infer masked data that
represents unobserved nodes. We adopt the predictions of randomly
masked data as the pre-training task, which will be detailed below.
Since the data masking relies solely on the task definition, without
prioritizing spatial or temporal factors, our unified template ensures
equal emphasis on dependencies across both dimensions, leading
to consistent performance across all tasks.

4.2 Pre-Training and Spatio-Temporal Networks

Our pre-training approach involves predicting randomly masked
data, propelling the model to identify shareable spatio-temporal
dependencies for downstream tasks. To facilitate this, we introduce
a spatio-temporal graph network featuring an autoencoder that
comprises a Transformer-based encoder to capture complex depen-
dencies within unmasked data and a gated decoder focusing on the
predictions of masked data.

4.2.1 Patching and Masking. As individual node signals contain
low information density, reconstructing each signal separately
could lead to the learning of trivial solutions [32]. This issue can be
more acute in the transfer setting when a target domain involves
limited data. Therefore, we employ data patching [25] to aggregate
adjacent data into patches. Concretely, given sequential data X;
from node i, we divide it into non-overlapping patches denoted by
X; € RTp*Ldx where Tp is the number of patches and L represents
patch size. Then, we employ a linear projection to embed each patch
into feature space, represented as S; € RT»*dn Note that we will
use T to denote T}, for simplicity in the following sections.

Next, we pre-train the model on source domains by randomly
masking the patches. Contrasting with the graph or time series
models that utilize a noisy masking method [9, 22], spatio-temporal
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random masking, which affects the two dimensions simultaneously,
presents more complexity. As the Transformers only take in un-
masked patches without padding [32], it is crucial to maintain a
uniform patch number within each dimension to ensure a valid
tensor structure, a requirement that noisy masking does not satisfy.
Therefore, we divide the masking into spatial and temporal parts,
where patches of a node or at a time step are all masked. Specifi-
cally, given a set of N nodes and of T steps, we randomly sample
two sub-sets from them, denoted as Mg and M;. Then, a patch sit
with its indexes in any of the sub-sets is marked as masked. The
remaining unmasked patches, denoted by S ;; € RNuxTuxdn with
Sy =1{silig¢ Msandt ¢ M;}, Ny = N—|Ms|land T, = T — M|,
are the inputs of the encoder. We set a total masking ratio of 75%,
following [8, 32]. The scarcity of unmasked patches in the model
aids in better capturing general spatio-temporal correlations.

4.2.2  Transformer-Based Encoder. Transformers have become dom-
inant in pre-training frameworks due to their attractive learning
capabilities [16, 17, 36]. Additionally, masking further enhances
their training efficiency on large-scale datasets by only feeding in
unmasked patches. Nevertheless, employing a single Transformer
to model both spatial and temporal dimensions still results in con-
siderable time overhead, due to its complexity of O(NZ x T2). To
overcome this issue, we model the two dimensions respectively
by utilizing TSFormer [32] to model temporal correlations and
Graphormer [43] to capture spatial dependencies. Note that both
models incorporate positional embeddings into their inputs. Follow-
ing [15], we enhance TSFormer by adding time of day (TOD) and
day of week (DOW) embeddings, bolstering its capacity to capture
periodic knowledge in the data-scarce target domain. In the bottom
layer, representations learned from the two models are fused by a
gating mechanism formulated as:

Hp =Z ©Encs(S ) + (1 — Z) @ Ence(S ),

Z = o(Encs(S ) Wi +Enci(S y ) Wa + b), @

where Encg(+), Enc(-) are the two Transformers, o(-), © denote
sigmoid and element-wise product, Wi, Wa, b are learnable param-
eters. In this way, the time complexity of our encoder reduces to
O(NZ +T?2), thereby achieving greater efficiency.

4.2.3  Gated Spatio-Temporal Decoder. The decoder first recovers
full patches H € RN XTxdn from H s> Where masked positions are
replaced by a shared learnable mask token h y:

®)

Wt~ th, ieEMSandteMt.
t hM ie Msorte M;

Then, the decoder operates on H to predict signals at masked po-
sitions. Here, the decoder architecture should be task-agnostic,
ensuring its adaptability across all tasks. Unfortunately, we cannot
simply employ forecasting or kriging STGNNSs as in other transfer
learning frameworks [15, 25, 26]. This limitation arises because
most STGNNSs prioritize the learning of either spatial or tempo-
ral dependencies, which can compromise their effectiveness on
other tasks, as suggested by our experiments. Thus, we propose
a gated spatio-temporal graph decoder to circumvent the issue.
Each decoder layer uses a graph convolutional network (GCN) and
a temporal convolutional network (TCN) for parallel spatial and
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temporal modeling, followed by a gating mechanism for feature
fusion. The process can be described by:

H!' = Z o TCN(H!™) + (1 - Z) © GCN(H! ™1, A),

(6)
Z = o(TCN(H "YYWy + GON(H! ™1, A)W; + b)),

where [ represents the layer index. In this way, the gating mech-
anism dynamically balances spatial and temporal patterns, facil-
itating the model on various tasks with different characteristics.
Note that we still add the time embeddings at its first layer. Finally,
we employ a linear prediction head to obtain patch predictions.
We adopt mean absolute error (MAE) to optimize the model and
calculate it solely on masked patches, in accordance with [7, 32].

4.3 Two-Stage Prompting

In our transfer learning scenario, a pre-trained model needs to
adapt to multiple downstream tasks in a target domain. Current
prompting methods often introduce distinct solutions for domain
transfer and task transfer [6, 33]. In contrast, we aim to achieve
both goals within our single framework. Unfortunately, trivially
optimizing a single bunch of prompts is inadequate for accomplish-
ing the two goals. This is because domain transfer is designed to
learn general domain knowledge, whereas task transfer focuses on
capturing task-specific characteristics. Motivated by this observa-
tion, we introduce an innovative two-stage prompting pipeline that
achieves these goals through a sequential, two-step approach.

4.3.1 Prompt Bank. We use a prompt bank as a basic prompting
unit, where each bank contains a set of prompt vectors, defined as
P=(p1,-..pN,) € RNpXdn_The prompted vector for a given patch
hf can be learned by a weighted sum:

t,T t,T
O'(hipj ) O'(hl-Pj) > @

, (7
0 a(hip]) < ¢ 2

N,
PT(h;) = hf +Z}.:Plajpj, aj = {

where ¢ is a threshold and PT(-) is the prompting function. Com-
pared to methods such as single embedding prompting [24], the
prompt bank provides better abilities to transform patches in the
latent space, which generally yields better performance [33].

4.3.2  Domain Prompting. In the first stage, prompts are designed
to capture the correlations between the domains and dynamically
adapt the target domain data. To facilitate the capturing of domain
knowledge and general spatio-temporal dependencies, we optimize
the prompts by the same pre-training task with a large masking ratio
and take the prompted patches as the encoder’s inputs. We utilize
different prompt banks for Graphormer and TSFormer, enabling
them to transfer spatial and temporal domains, respectively. Note
that positional embeddings are added to patches before prompting
as prior knowledge. The process is defined as:

®)

where S5, S} are the prompted inputs of the two Transformers,
PTs(-), PT:(-) are prompting functions, and PE, are positional em-
beddings of the encoder. In this stage, only the prompts are trainable
while the other modules are frozen without fine-tuning, which in-
creases efficiency over other transfer learning methods.

St =PTs(S g +PEe), i =PTy(S y +PEe),
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4.3.3  Task Prompting. The task prompts are learned respectively
for each downstream task to prompt out task-specific properties.
We incorporate the prompts into the hidden representations learned
by the encoder. Then, the decoder takes in the task-prompted repre-
sentations to predict target signals at masked positions based on the
learned target domain dependencies. We utilized separate prompt
banks for mask tokens and unmasked patches, thereby facilitating
the capturing of relationships between them:

Hy = PTm(Hpq + PEg), ij =PTu(Hy +PEg), (9

where PTiy(+) and PTy(-) are promptings for mask tokens and
unmasked patches, PE; is the embeddings of the decoder. Note that
in this stage, we further freeze the domain prompts. As downstream
tasks feature different masked position patterns, task prompting
can benefit the model by identifying these distinctions, thereby
achieving optimal performance for each task.

4.4 STGP Learning Procedure

We present the overall learning algorithm of STGP in Algo. 1. Given
the encoder fy,, the decoder fy,, and the head fy parameterized by
Oc, 04, and @, we first train them through predictions of randomly
masked patches. Then, keeping them frozen, the domain prompts
T4m are optimized using the pre-training task for domain transfer.
Finally, further with 7, held fixed, task prompts 7;; are trained
for a task. The head can optionally be tuned at this stage.

Algorithm 1 STGP Pre-Training and Prompting

Input: Source and target domain data 65,67 . Encoder fo, de-
coder fy,, head fy. Domain and task prompts 74, and 7.

Output: Optimal parameters e, 04, ¢, 74, and ;.

1: // Pre-training fp,, f, and fy with G°

2: while not converged do

3 Sy Sm «— PatchingMasking (G°)
SM = J4.00,04(Sa1)
5. Calculate loss MAE(S p, S o) and optimize 6, 64, and ¢.
¢ // Domain prompting using G7
7 Joo> fou fp < Freeze (6e, 04, §)
8
9

>

> Data reconstruction, Eq. 4 - 6

: while not converged do
S ;s Sm «— PatchingMasking 67

Sj\;( «— DomainPrompting (S v, 7gm) >Eq. 8

1 SM = fp00.04(Sy) >Eq. 4-6
Calculate loss and optimize 74,,,.

13: // Task prompting

14 fo,, fo, fp» mam < Freeze (0e, 04, ¢, mam)

: while not converged do

S y1» Sm «— PatchingMasking (G7) » Downstream task

masking

17: Sj\;( «— DomainPrompting (S y(, 7am) >Eq. 8
18: HM = fge (Sj\;() >Eq. 4
19:  H «— ReocverFullPatches (H y) >Eq. 5
20 H* «— TaskPrompting (H, m;1) >Eq. 9
21: SM =f¢!9d(H*) I>Eq. 6

22:  Calculate loss and optimize ;. > ¢ can be tuned optionally
23: return Trained models fg,, fg,, fg and prompts 7z, 7k
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5 Experiment

5.1 Experimental Settings

Datasets. We evaluate our STGP using four public traffic flow
datasets: METR-LA, PEMS-BAY [19], Chengdu, and Shenzhen [1].
Baselines. We consider 19 baselines belonging to three categories.

e Statistical Methods: HA, MEAN, KNN, ARIMA [37] calculate
the statistical properties of input data to predict node signals.

e Typical Neural Networks: DCRNN [19], GWN [40], FOGS [31],
DSTAGNN [18], STEP [32], KCN [2], IGNNK [38], SATCN [39],
DualSTN [10], and INCREASE [46] are models for forecasting
or kriging. To apply them in the transfer learning scenario, we
optimize them using the Reptile [28] meta-learning framework.

o Transfer Learning Models: AdaRNN [4], ST-GFSL [26], DSAT-
Net [34], TPB [25], TransGTR [15] are state-of-the-art time series
or spatio-temporal graph methods for transfer learning.

Evaluation Settings and Implementation. We adopt the same
setting as previous works [25, 26], where the datasets are divided
into source, target, and test datasets. The source datasets comprise
three datasets for pre-training. We sequentially split them into
training and validation segments with a ratio of 8 : 2, where the
model is selected on the validation part. Then only the first three-
day data in the remaining dataset is regarded as the target dataset
for domain and task prompting. The subsequent three-day data is
utilized for model selection and the rest of the segment is adopted
to compute metrics. We adopt mean absolute error (MAE) and root
mean squared error (RMSE) as the metrics.

Hyperparameters are the same in all settings for STGP. Each
patch, representing one-hour data, has a length of L = 12, with
T = 25 patches in total. Both Graphormer and TSFormer contain
4 layers with a hidden size of 128. The decoder contains 6 spatio-
temporal gated layers with a hidden size of 32. We also add skip and
residual connections into the decoder. The prediction head is a two-
layer linear projection with a size of 128 and 256. All prompt banks
involve 25 vectors with a size of 128. For extrapolation, we fine-
tune the prediction head when optimizing the task prompts, as we
empirically find it can yield better results. We run each experiment
5 times to report results. Our model is implemented by PyTorch
and trained on one NVIDIA A100 GPU with 32GB memory. The
source code is available at https://github.com/hjf1997/STGP.

5.2 Performance Evaluation

Forecasting. We conduct forecasting using the similar setting
of [25], where 1-day historical data (i.e., 24 patches) is utilized to
predict subsequent signals of 1 hour (i.e., 1 patch). To assess Reptile’s
impact on spatio-temporal transfer learning, we present the results
of two baselines directly trained within the target domain. Table 1
reports the metrics, from which we have the following observations.
(1) STGP consistently attains superior results on multiple datasets,
reducing the metrics of the second-best by up to 5.6% on MAE and
4.5% on RMSE. This performance demonstrates the effectiveness of
STGP. (2) TransGTR performs better on some metrics. The probable
reason is that it utilizes knowledge distillation to transfer long-
term temporal relations from the source domain, which is absent
in our model. (3) Simply equipping a model with Reptile only leads
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Table 1: Forecasting performance of transfer learning on the four datasets. Each target city only has limited data, whereas the
remaining three datasets are regarded as the source domain. The best and second-best are indicated in bold and underlined.
Marker * indicates statistical significance, denoting that the p-value from the Student’s T-test is less than 0.01.

Target City METR-LA PEMS-BAY

Model Metrics MAE (]) RMSE () MAE (]) RMSE (|)

Horizon 15m 30m 60m avg. 15m 30m 60m avg. 15m 30m 60m avg. 15m 30m 60m avg.
HA 3.62 423 513 426 733 856 1017 854 242 289 370 293 546 652 825  6.59
ARIMA TargetOply 322 370 500 365 628 780 980 778 228 249 366 247 452 535 745 536
DCRNN & Y303 373 481 377 578 734 934 727 181 236 324 238 339 475 637 470
GWN 3.08 370 473 369 579 730 910 731 194 240 308 240 360 467 619  4.67
DCRNN 3.01  3.65 467 369 562 716 896 7.03 183 243 336 244 336 471 659  4.68
GWN 311 375 473 376 587 731 910 721 199 245 314 255 355 464 623  4.65
DSTAGNN Reptile 330 410 495 412 590 773 956 774 185 251 359 248 341 479 666  4.80
FOGS 326 411 488 414 595 750 947 751 189 238 337 229 349 454 601  3.52
STEP 320 399 476 400 570 714 853 712 172 230 308 231 321 438 583 440
AdaRNN 3.05 368 451 366 566 715 860 710 179 233 304 238 338 460 598 458
ST-GFSL 3.00 379 458 380 572 721 867 718 177 220 295 224 327 450 592 445
DSATNet Transfer 3.03 366 451 363 570 715 878 7.08 164 216 283 218 326 436 589 430
TPB 3.07 380 466 383 569 7.03 852 695 162 212 283 215 324 433 576 423
TransGTR 3.01  3.64 444 362 560 712 849 689 160 213 279 214 3.04 435 568  4.26
STGP Transfer 2.97* 3.54* 4.23* 3.52* 548" 6.77* 8.19* 6.67* 174* 213 2.70* 212 3.21* 4.18* 546 4.14*
Std. 003 010 .008 .009 029 .011 .019 .011 017 .014 012 .011 .013  .015 .014  .017

Target City Chengdu Shenzhen

Model Metrics MAE (|) RMSE (|) MAE (]) RMSE (|)

Horizon 15m 30m 60m avg. 15m 30m 60m avg. 15m 30m 60m avg. 15m 30m 60m  avg.
HA 2.69 313 365 3.01 3.69 457 527 440 217 266 3.04 254 333 405 463  3.89
ARIMA TargetOply 297 328 432 319 378 464 551 458 235 299 360 290 432 473 558 462
DCRNN & Y 227 305 360 28 326 438 507 403 205 261 310 249 317 398 460  3.79
GWN 225 296 342 274 320 426 490 394 186 246 284 227 276 369 428 341
DCRNN 231 316 396 297 333 455 542 428 194 257 307 238 284 381 452 353
GWN 219 281 321 262 312 408 465 379 188 246 282 227 277 368 426 340
DSTAGNN Reptile 236 3.01 340 285 321 420 497 399 198 243 295 242 290 369 427 338
FOGS 223 280 331 261 318 430 477 405 196 236 280 214 283 361 435 333
STEP 221 270 320 249 305 399 429 376 195 240 255 217 273 344 380  3.22
AdaRNN 218 291 340 273 309 397 482 368 192 248 288 228 285 363 426 338
ST-GFSL Transf 210 280 335 259 3.02 388 460 357 190 236 271 219 270 353 419  3.26
DSATNet TSIl 906 270 303 246 3.02 401 453 366 186 234 264 214 273 351 400 322
TPB 2.08 263 302 245 298 384 434 352 18 232 261 213 270 345 391  3.20
TransGTR 2.05 265 280 241 295 382 426 349 189 230 247 215 269 349 379 3.9
STGP Transfer 1.98* 2.54* 2.74* 2.30* 2.85* 3.72* 4.02* 3.37* 1.82* 2.27* 2.42* 2.08* 2.66* 3.39* 3.69* 3.11*
Std. 012 010 010 .014 .011 .010 .016 .013 .008 .012 .011  .013 .017 .013  .010  .012

Table 2: Kriging performance of transfer learning on the datasets. Trdu./Indu. denote transductive/inductive settings.

Target City METR-LA PEMS-BAY Chengdu Shenzhen

Model Metrics MAE (|) RMSE (]) MAE (|) RMSE (]) MAE (|) RMSE (|) MAE (|) RMSE ()

Setting Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu.
MEAN Tareet Onl 10.28 14.86 5.49 9.28 7.42 9.78 8.81 11.08
KNN & Y 9.11 12.88 4.20 7.55 7.01 9.40 8.89 11.17
KCN 569 776 872 1178 389 476 691 820 664 7.03 899 931 570 828 8.08 10.98
IGNNK 567 7.60 933 11.68 3.94 430 716 722 671 756 890 994 541 820 7.58 10.90
SATCN Reptile 481 751 785 1159 348 385 651 684 661 714 903 942 553 815 7.89 10.87
DualSTN 562 712  9.60 1146 354 374 682 675 595 642 807 871 537 818  7.66 10.91
INCREASE 503 738 824 1154 346 372 641 678 614 663 853 880 534 816 7.61 10.85
STGP Transfer 4.53* 6.98* 7.75* 11.39 3.39* 3.66* 6.28* 6.68* 5.47* 6.33* 7.70* 8.64 5.25* 8.08* 7.50 10.79
Std. ¢ 022 062 037 081 013 033 018 .040 .033 .055 .014 .053 .019  .083  .049  .088
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Table 3: Extrapolation performance of transfer learning on the datasets. The results are averaged over all 12 future horizons.

Target City METR-LA PEMS-BAY Chengdu Shenzhen

Model Metrics MAE (|) RMSE (|) MAE (}) RMSE (|) MAE () RMSE (|) MAE (|) RMSE (|)

Setting Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu. Trdu. Indu.
MEAN Target Only 10.64 15.27 5.56 9.31 7.53 9.74 8.91 11.63
GWN 5.41 9.26 9.69 15.10  4.32 5.01 8.09 9.86 5.83 7.21 8.25 9.61 4.02 8.47 5.74 1140
DCRNN Rentile 510 941 919 1557 3.64 512 697 1014 623 710 862 958 3.85 864 531 1154
IGNNK P 6.67 9.14 1033 14.63  3.90 5.05 7.13 9.90 6.52 7.43 8.81 9.71 441 8.52 6.47 1138
SATCN 7.29 9.13 12.41 1488  4.65 5.13 9.04 10.13  7.09 7.20 9.51 9.66 4.87 8.70 7.15 11.58
ST-GFSL 7.73 9.31 12.31 1499  4.27 4.59 7.61 7.92 6.51 6.79 8.74 9.41 4.75 8.55 6.99 11.45
TPB Transfer ~ 7.97 901 1250 1442 440 453 779 783 612 667 837 927 466 838 696 11.23
TransGTR 7.33 887 1122 1412 455 4.66 7.95 8.10 6.42 6.62 8.65 9.10 4.58 8.45 6.81 11.36
STGP Transfer 5.04 8.51* 9.03* 1349 3.41% 4.13* 6.47* 7.52* 546" 6.51% 7.67 8.91* 3.61* 8.22* 5.04* 11.07
Std. .083 .094 .084 159 .010 .045 .021 .088 .019 .086 .024 .091 .057 .051 074 .090

to marginal improvement. This highlights the need for transfer
learning systems in spatio-temporal graphs amid data scarcity.
Kriging. We conduct experiments on both transductive and in-
ductive settings for kriging. In the transductive setting, the model
has access to the structure of unobserved nodes during training,
thereby presenting a greater challenge. Conversely, the inductive
setting secludes these nodes throughout the training and utilizes
them solely for evaluation. We set the ratio of observed and unob-
served nodes to 2 : 1 and report the results in Table 2. It shows that
(1) Our STGP consistently obtains the best results, reducing MAE
and RMSE by up to 7.0% and 8.0%. This improvement underscores
its superiority. (2) Several neural networks struggle to outperform
statistical models on the datasets. This highlights the challenge
of kriging when models predict nodes without any signals amidst
limited training data.

Extrapolation. We conduct evaluations following the same exper-
imental settings. As a new task, we compare STGP against compat-
ible baselines. As Table 3 shows, our analysis reveals that (1) STGP
consistently surpasses the baselines across metrics by a significant
margin. In particular, STGP achieves a reduction in MAE and RMSE
by up to 8.8% and 10.7%, marking the highest performance among
the tasks. (2) STGP yields higher standard divisions on extrapolation
and kriging. As they require predicting node signals solely based on
graph structures, the restricted spatial information poses challenges
for the model in avoiding local minima during the optimization.

5.3 Ablation Study

We conduct ablation studies on the three tasks by using METR-LA
as the target domain. For kriging and extrapolation, we adopt the
inductive setting. The results are reported in Fig. 4.

Prompt Tuning. We remove all prompts, evaluating the pre-trained
model on the target domain directly (i.e., zero-shot setting) or fine-
tuning it, denoted as zero and ft. We observed that both settings
yield worse performance. This suggests that domain shift impedes
a pre-trained model from directly adapting to a target domain.
Meanwhile, the effectiveness of fine-tuning is adversely affected
due to limited target data and discrepancies between pre-training
and downstream task objectives. On the contrary, STGP unifies the
tasks, using prompts for effective domain and task transfer.
Domain Prompting. We remove temporal and spatial prompt
banks (w/o dp) or replace them with a single bank (r/p sdp). Our
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results show that separate banks achieve the best performance. The
explanation is that the two dimensions involve domain shifts with
different characteristics, which should be modeled individually.
Task Prompting. We remove task prompts (w/o tp) or replace
them with a single bank (r/p stp). It shows that STGP requires both
banks for optimal results. This is because masked patches are filled
by a mask token, which is different from patches with extracted
dependencies from the encoder. The two prompt banks benefit the
decoder in predicting masked patches based on captured relations.
Gated Decoder. We analyze the efficacy of our gated decoder by
substituting it with a task-specific model, Graph WaveNet (r/p
gwn). This variant shows comparable forecasting results but ex-
periences a significant deterioration in other tasks. As the design
of these forecasting models prioritizes capturing of temporal de-
pendencies [18, 40, 44], the absence of temporal relations in the
rest tasks—owing to the replacement of all target nodes with mask
tokens—impedes their effectiveness. The problem can also appear
when applying kriging methods [10, 39] to forecasting. Conversely,
our decoder places equal importance on both spatial and temporal
dimensions and dynamically fuses these dependencies via a gating
mechanism, which renders it adaptable to a variety of tasks.

5.4 Efficiency Analysis

To assess the efficiency of STGP’s prompting, we compute its
complexities. Suppose a bank contains Ny prompts with dimen-
sion dy, the total parameters for the two prompting stages are
O(4Npdp,). For time complexity, assume the model has L layers, the

N zero
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I /p sdp I r/p stp

3.9 7.2
1 W 69
6- I I 2 68- I
o
35 l 1 1 | 661 Em l [ |
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13.5

. w/o tp rip gwn

STGP

MAE
w
=Y

8.3
751 w1227
w
< 72 2 18-
o
7.0- .- [ | 14 .- [ |
94 Kriging 4, 5
y % 3
£ N
8.5- . ] 13.57 -
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Figure 4: Model analysis with METR-LA as the target domain.
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Table 4: Tunable parameters and FLOPs comparison. STGP-
dp and STGP-tp represent domain and task prompting.

9
Methods Parlaox?s FLOPs x10
X METR-LA PEMS-BAY Chengdu Shenzhen
ST-GFSL 878 10.82 19.55 38.49 50.36
TPB 567 10.52 19.13 37.92 49.75
TransGTR 1,137 16.48 28.79 54.99 71.51
STGP-dp 3 0.16 0.27 0.43 051
STGP-tp 3 0.33 0.52 0.84 1.00

encoder’s complexity is approximated as O(LTN2dy, + LNT?dp,).
As the decoder is a combination of GCN and TCN, the complexity
is O(LN?dj, + Ldei), where k is the kernel size. The prompting
by Eq. 7 incurs an extra cost of O(3NpTNdp), which is minimal
given Np < LT <« LN. We observe that, in terms of dataset size,
the parameter cost is invariant while the time cost scales linearly.

To empirically compare our model with transfer learning base-
lines, we present the number of tunable parameters and floating
point operations (FLOPs) for forecasting. We set the batch size to 1
and report FLOPs of one iteration. As shown in Table 4, the results
reveal that TransGTR, requiring training of TSFormer on the target
domain, incurs the most cost. ST-GFSL, employing a generator for
parameter prediction, also shows high computational demand. TPB,
which tunes WaveNet, has the least demand among baselines. In
contrast, STGP not only exceeds the performance of these baselines
but also significantly reduces the need for parameters and FLOPs,
by factors of approximately 100 and 25, respectively.

5.5 Hyperparameter Study

We first evaluate the number of domain and task prompts, using
METR-LA as the target domain. The first row of Fig. 5 displays the
MAE results, with lighter colors denoting superior performance.
The results reveal that optimal performance requires a substantial
number of both prompts. A large number of one prompt type cou-
pled with a small number of the other type hinders the model’s per-
formance. This finding suggests distinct roles for the two prompts:
domain prompts address domain transfer, while task prompts focus
on task-specific properties. Next, we discuss the effect of available
data on the target domain. As the second row shows, the MAE
decreases with the increase of training data. This suggests that data
scarcity is clearly a bottleneck for model performance, necessitating
the introduction of effective transfer learning methods like STGP.

5.6 Domain Transfer Analysis

We innovatively utilize prompt tuning to achieve domain transfer
for spatio-temporal graphs. To analyze its efficacy, we use METR-
LA as the target domain and visualize hidden representations of
patches. For spatial domain transfer, we randomly select 100 nodes
from each of the datasets and average representations of a node
at all time steps. As shown in Fig. 6 (a), after prompting (LA-P),
the METR-LA points (LA) shift away from Chengdu and Shenzhen
while staying close to PEMS-BAY (BAY). This might be explained by
the proximity between Los Angeles and the Bay area. For temporal
transfer, we average nodes at the same time and visualize points
at different times. Fig. 6 (b) shows that METR-LA points at 9 AM
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Figure 5: Effect of prompt numbers and the number of target
days for training on the METR-LA dataset.
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Figure 6: Visualization of domain transfer. o represents
source domain; X, + denote target domain. The arrows in-
dicate the representation shift of a target domain.

move towards PEMS-BAY at 9 AM, while the 11 PM points show no
clear trend. As the model is pre-trained on a source domain, these
findings suggest that domain prompting can effectively transform
target data to align with the latent space of the source domain.

6 Conclusion

In this paper, we present STGP, a novel prompt-based approach
for spatio-temporal graph transfer learning. We develop a unified
template alongside a task-agnostic network architecture suitable
for multiple tasks. We then propose a two-stage prompting pipeline
tailored for domain and task transfer. Comprehensive experiments
and discussions demonstrate that STGP effectively captures do-
main knowledge and task-specific properties, consistently achiev-
ing state-of-the-art performance across diverse datasets and tasks.
Regarding future work, we find that the downstream tasks unified
by STGP fall under predictive learning, where known data is utilized
to predict unknown data in a regression setting. Although received
less attention, spatio-temporal graphs also encompass other appli-
cations, such as classification. Exploring the applicability of our
unified template and network architecture to these tasks presents
an intriguing direction for future research.
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