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Abstract

Foundation models, such as Large Language Models (LLMs) or Large Vision
Models (LVMs), have emerged as one of the most powerful tools in the respective
fields. However, unlike text and image data, graph data do not have a definitive
structure, posing great challenges to developing a Graph Foundation Model (GFM).
For example, current attempts at designing general graph models either transform
graph data into a language format for LLM-based prediction or still train a GNN
model with LLM as an assistant. The former can handle unlimited tasks, while
the latter captures graph structure much better—yet, no existing work can achieve
both simultaneously. In this paper, we identify three key desirable properties of
a GFM: self-supervised pretraining, fluidity in tasks, and graph awareness. To
account for these properties, we extend the conventional language modeling to
the graph domain and propose a novel generative graph language model GOFA to
solve the problem. The model interleaves randomly initialized GNN layers into
a frozen pre-trained LLM so that the semantic and structural modeling abilities
are organically combined. GOFA is pre-trained on newly proposed graph-level
next-word prediction, question-answering, and structural tasks to obtain the above
GFM properties. The pre-trained model is further fine-tuned on downstream
tasks to obtain task-solving ability. The fine-tuned model is evaluated on various
downstream tasks, demonstrating a strong ability to solve structural and contextual
problems in zero-shot scenarios. The code is available at https://github. com/
JiaruiFeng/GOFA,

1 Introduction

With the emergence of Large Language Models (LLMs), the field of artificial intelligence is undergo-
ing a profound transformation, shifting from specialized, fragmented models to universal foundation
models. A foundation model is pre-trained on large-scale datasets and can be further adapted to
diverse downstream tasks using fine-tuning [22] or in-context learning [4} 48]]. Foundation models
have been developed in different domains to handle text [5, 48], image [30, 3], and even multi-modal
data [61} 133, 2]. Because of their versatility and generalizability, these foundation models have
become prevalent in these domains.

However, despite preliminary efforts, a foundation model in the graph domain has yet to be proposed.
In the graph domain, data are highly flexible and dynamic. For example, social networks receive
millions of new connections daily [17]], and novel molecules and protein structures are frequently
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Figure 1: Examples of our pre-training tasks.

discovered [[1}[15]. While past researchers have proposed specialized models to learn graph data [57,
29|, the models require retraining to accommodate new graphs [8}139]]. Moreover, trained models are
usually tied to specific applications and cannot be generalized to new domains and tasks. It becomes
increasingly difficult for models to adjust to the ever-evolving nature of graph data. Hence, a graph
foundation model that requires minimal data to adapt to new domains/tasks is urgently needed, which
has spurred recent endeavors to study general graph models.

The success of LLM inspired a series of preliminary attempts to use LLM to develop general graph
models. They can be roughly divided into two categories: LLM as a predictor and LLM as an
enhancer [7]. The LLM as a predictor approach transforms graph data into representations that
LLM can understand and use LLM to generate predictions [46l 6]. However, as suggested by a recent
study [51], such an approach falls short of understanding graph structures. This inspired the LLM
as an enhancer approach which adopts LLM to process and unify diverse graph data and feeds them
to a GNN to train general graph models [35} 25]. Nevertheless, because GNN outputs fixed-sized
representations, they can only handle specific tasks such as classification, and cannot generalize to
a foundational level due to the lack of generation ability. In summary, the current two approaches
cannot fully utilize structural information and be generative simultaneously. We discuss the pros and
cons of existing approaches in detail in Section 2]

In this paper, we first identify three desirable properties of a graph foundation model (GFM), namely
large-scale self-supervised pretraining, fluidity in tasks, and graph understanding. To achieve the
first property, we propose a generic graph self-supervised learning problem similar to the next-token
prediction problem in LLMs, allowing label-agnostic and continuous training on any graph data.
We then propose a generative model termed Generative One-For-All (GOFA) that interleaves GNN
layers into an LLM to achieve the second and third properties. Such a design painlessly integrates
GNN into an LLM, granting the LLM graph structural learning ability while keeping LLM’s original
free-form text generation ability. Meanwhile, this design allows the pipeline of the original LLM to
remain intact, giving the GOFA a close-to-LLM level of task fluidity. We pre-train the model with
large-scale real-world graph data, Question-Answer (QA) chain data adopted from the NLP domain,
and graph structural data to empower the model with the aforementioned foundational abilities in
the graph domain (Examples in Figure [I). After pre-training, we further fine-tune the model on
downstream tasks. The fine-tuned model is evaluated on various datasets and tasks. Particularly, the
GOFA achieved great results on the zero-shot scenario, which demonstrates the strong potential of
the GOFA to serve as a graph foundation model.

2 A Desired Foundation Model for Graph

In this section, we summarize three crucial properties a true graph foundation model should possess
to motivate our GOFA model design.

Large-scale Self-Supervised Pretraining: One fundamental design of LLM is that it unifies all NLP
tasks into a single next-token-prediction paradigm, which enables self-supervised pretraining on large



corpus collected from different sources. For pre-training graph models, while numerous efforts have
been made from both the LLM as a predictor and LLM as an enhancer approaches, these attempts
usually require the learning target to be labeled [35}[7]. However, a graph foundation model should
have no constraint on the input graph (has labels or not) and can learn cross-domain knowledge
from large-scale graph data in an unsupervised/self-supervised fashion.

Fluidity in Tasks: A graph foundation model should also possess the same level of versatility
and fluidity in handling different tasks as an LLM. Specifically, such ability can be broken down
into three levels: (a) The graph foundation model can naturally respond appropriately to different
trained graph tasks according to the user instructions. (b) With appropriate instruction-tuning, the
model should have in-context learning ability on unseen tasks. (c) Users can define new tasks
unseen in training data by modifying the graph structure and features that fit into the universal
input representation of the model. They can continuously train the model on new data without
special adaptation. Existing approaches that use GNN models as the predictors are usually either
restricted in the output format [35} 53, [18] or need additional fine-tuning on the task head [43}52].
Consequently, despite having better structural modeling ability, such models cannot accommodate
task changes or deal with novel tasks, e.g., shifting from a classification task to a regression task or to
a question-answering task that requires outputting all shortest paths between two nodes.

Graph Understanding: Since the LLM as a predictor approach uses a generative LLM to produce
output, it naturally has the fluidity to accept varied prompts to tackle different tasks. However, such an
approach processes the structural information poorly [51], making the utility of these models minimal
on graph. More importantly, even though some recent variants can use auxiliary graph models (such
as GNNGs) to incorporate structural information [46, 20} [62], the graph models are frozen and not
responsive to different prompts, and the output from the graph models may not be the most relevant to
the input prompt. On the contrary, a graph foundation model should account for the unique structural
information of graphs such as node degrees, shortest paths, common neighbors, etc., and generate
graph representations dependent on the input prompt. It should not only have LLM’s prompt learning
capability but also learn graph structure and semantic information jointly.

3 Method

In this section, we first propose a generative modeling framework for graph, serving as the graph
counterpart of the traditional language modeling. Next, we introduce a novel GNN-LLM architecture
for the proposed graph generative modeling problem. Finally, we describe the unified pre-training
and downstream fine-tuning process of the model.

3.1 Generative Modeling for Graph

In plain text applications, aligning the pre-training objective with the input and output format of
downstream tasks is straightforward, as they are purely text-based. However, graph data from different
domains vary significantly by input feature dimensions and output target. Hence, the first challenge is
to define a unified input and output format for graph tasks, such that the model can do large-scale
self-supervised pre-training on arbitrary graphs and downstream tasks.

For the unified input, following the previous work OFA [35]], we extend the definition of Text-Attribute
Graph (TAG) beyond graphs that already have text features such as citation and product networks.
Specifically, we observe that any node and edge features can be represented by texts. For example,
atom and bond descriptions replace the node and edge features in a molecular graph. Furthermore,
we can represent non-textual features like pure numbers as texts too, just like they are represented as
text strings in LLM. Formally, a TAG is a graph G = {V, E, Xy, X} where V and E are the sets
of nodes and edges. Each node v € V' (edge e € F) corresponds to a text description z(v) € Xy
(z(e) € Xg). Such a format encodes almost all existing graph data and serves well as the universal
input representation. For the unified output, we believe that natural language is still the most tangible
format for users. Such input and output formats cover almost all commonly seen graphs-related tasks,
including classification, regression, and free-form question answering.

Next, we define the generative modeling framework for graphs. Generative modeling for language is
to predict the next token given its preceding tokens. However, in graph-based tasks, input sentences
are distributed to different nodes and edges in a TAG. To generalize next token prediction to graphs,



we propose to specify Nodes Of Generation (NOG) on graphs as starting points for output generation.
Formally, we can define graph generative modeling as the likelihood of the text y associated with the
NOG v:

L

pylv, G) = [ [ p(wly<i, v, G), ¢))
=1
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graph. In addition, when the graph has only one node, the problem degenerates to conventional
language modeling.

3.2 GOFA : Generative One-For-All Model

To solve the generative graph modeling problem proposed in Equation [T, we design the GOFA
architecture, with an illustration shown in Figure 3] GOFA consists of a graph language encoder
and an LLLM decoder. In the graph language encoder, we interleave token-level GNN layers with
frozen LLM compressor layers. The LLM compressor independently processes the graph’s node/edge
text features and outputs their compressed fixed-size multi-token embeddings which are fed into
a token-level GNN layer. The GNN layer updates the multi-token embeddings by incorporating
the input graph structure and feeds the output into the next LLM layer. We alternate GNN and
LLM layers to get the final multi-token node representations containing joint structural and semantic
information. We then use an LLM decoder to generate texts from the NOG representation. The LLM
compressor and decoders are all pre-trained decoder-only transformers. We describe each component
in detail as follows.

LLM compressor: Because GNNs require node and edge representations to have the same input
dimension, many previous works propose to pool all tokens’ output embeddings from the LLM as
the node and edge vector representations and feed them to a GNN [35} 25, [20]. While this approach
shows effectiveness in tasks of fixed form, such as classification and regression, it is insufficient in
more complex tasks, such as generation tasks, as 1) the pooling process inevitably loses semantic
information, 2) standard LLMs are not trained in a way such that the pooled output embedding is a
summarization of the input sentence, and 3) the pooled representation space is no longer compatible
with the space of the downstream LLM decoder. Hence, we adopt a sentence compressor [[14]
that preserves as much information as possible from the original sentence in fixed-size multi-token
embeddings. Specifically, the sentence compressor layer has the same architecture as a decoder-only
LLM, but the initial sequences of token representations {g(;)}._, are appended by a sequence of K
memory tokens {g(1n;)} . and the ¢-th layer of the LLM becomes:

{Q§3+17 Q'ltqi_,i’} :{qt+1(xl)7 ) qt+1(33l)7 qt+1(m1)’ ) qt+1(mK)}

2
LLMY({g! (1), o g (1), B (1), o (s )}) = LLMY(QL HEY). )

We use Q. and Qf,w to represent the ¢-th LLM layer output corresponding to actual text tokens in x
and the K memory tokens appended at the end of text tokens. We use H. to represent the ¢-th GNN
layer output, which will be explained later. In Equation [2} the text tokens (Q%) and memory tokens

(H!, processed by the previous GNN layer) are concatenated as a single sequence of embeddings,
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Figure 3: GOFA Framework. Text tokens of TAG’s node/edges are concatenated with memory
tokens to be input to Graph Language Encoder. GNN layers are interleaved into LLM Compressor
layers, where memory embeddings from LLM Compressor Layer are used as node/edge features for
token-level GNN message passing. Memory embedding will be used for teacher-forcing training.

which are fed to the current LLM layer. Because the last K tokens attend to all previous tokens,
they can compress all information in the sentence into the output embeddings of the K tokens. This
compressor architecture is inspired by ICAE [[14]. While the compression capability is not apparent,
it is viable through auto-encoder-style fine-tuning, as discussed in Appendix [A1]

Token-level GNN: Conventional GNNs only pass messages between node vector representations,
which is incompatible with the vector sequence output ()., ,, from our LLM. Hence, we propose a
simple extension of conventional GNNs to token level. For node v € V/, the ¢t-th GNN layer is

HE (1K) = GNN(QLy oo K] {(QY oy K], Qs ey FDIw € N()}), k=1..K. (3)

m,z(v) m,@(u) M m,m(ewy

In the GNN layer, tokens at different indices do not communicate. If we directly stack these GNN
layers, they degenerate into multiple isolated GNNs for each token. Nevertheless, we interleave
the GNN layers into the LLM layers such that the subsequent self-attention layers on H¢ permit
information flows between tokens. This approach significantly reduces memory usage because we do
not perform cross-token attention in GNN. While edge memory tokens are passed into GNN to assist
message passing, their representations are not updated in the GNN layer but directly passed to the
next LLM layer, and H t(e) = an,z(e). The specific choice of the GNN can vary. In GOFA , we use

T
a modified Transformer Convolutional GNN [44] to be consistent with the transformer architecture

of LLM (see Appendix [A.3]for details).

We insert one GNN layer between two transformer layers, while the first and the last layer are always
transformer layers. In GOFA , we only insert GNN to the last few transformer layers, but this can
be flexible depending on the computational resources. Following previous practice, we incorporate
feed-forward (FF) layers into the GNN to increase expressivity and residual connections to stabilize
training. Inspired by the gating mechanism in earlier works [211 2], we apply a tanh gate, initialized
at 0, to the GNN and FF layer outputs so that the initial model ignores the information from GNN
layers and is equivalent to the pre-trained LLM.

LLM decoder: After applying the model to the textual graph, the memory tokens @, . of every node
contain information about the text on the node, the surrounding node text, and the graph structure
due to the message-passing process in the GNN layer. Then, for the NOG v and its corresponding
target text y, we insert @), . at the front of the token embeddings of the target text to generate and
use teacher-forcing to maximize the standard log-likelihood for the next-token-prediction objective.

L= max P(y1..4|Qmq(v);Opec) = = max  P(yi..y1|v; G; Opgc, Ocomp, Ocnn).  (4)

m,a(v) © (GNN.DEC.COMP)



In this way, we have modeled the problem in Equation [} The compressor, decoder, and GNN
parameters can be jointly or separately optimized, potentially with parameter-efficient fine-tuning
methods like LoRA [22]]. In this paper, we use ICAE [14] as our backbone LLM, but the GOFA
architecture is not tied to any specific LLM. More details are discussed in Appendix[A.2]

3.3 Unified Task Representation in GOFA

The formulation in Equation [1| provides a natural way for users to query the graph by selecting a
NOG. However, tasks in the graph domain have different levels, such as node-, link-, and graph-levels,
and different tasks have distinct objectives and target nodes. To cover these tasks under the same
formulation, inspired by OFA [35]], we convert all tasks into subgraph tasks and connect all target
nodes in a graph to a virtual prompt node as the NOG for generation (i.e., P nodes in Figure [I)).
Specifically, for node- and link-level tasks, we sample a k-hop rooted subgraph surrounding the
target node or node pairs for node- or link-level tasks and connect the prompt NOG node to target
nodes. For graph-level tasks, the prompt NOG node will connect to all nodes in the graph. This
design has several advantages: (1) We can specify the prompt node as the NOG input to the LLM
decoder for generative modeling. Therefore, the distribution of all tasks can be unified into a single
space; (2) The text feature for the prompt node describes the task details. Connecting the prompt
node to target nodes helps the prompt node query the most important knowledge from the input graph
through attention and message passing. This encourages the model to dynamically learn from the
message-passing process subject to prompt instead of only statically learning from the node text :(v).

3.4 Large-Scale Pre-training

In this section, we describe the self-supervised pre-training of GOFA . The goal of the pre-training is
to let the GOFA model obtain the ability to query graph structure and context but retain the ability to
reason about plain text. Specifically, we perform the pre-training task using MAG240M [23]] and
Ultrachat200k [9] datasets. Details about the datasets can be found in Appendix [C} For each node v
in the MAG240M, we sample an ego-subgraph GG around v to form a training example. We randomly
generate a unique node ID (such as [Node A]) for each node in the training sample and append it to
the original node text. This ID will serve as a basis for querying nodes in the graph. We design three
pre-training tasks: sentence completion, structural tasks on MAG240M, and question-answering
tasks on Ultrachat200k. Figure[I] shows an example of each task. We describe the details of each task
below.

Sentence completion task. The objective of the sentence completion task is to train the model to
reason about the rest of the text in a node given both the existing text and the information in the rest
of the graph. First, we assign the root node as the target for each sampled training graph. Next, we
randomly select n nodes in the graph and the target node. All selected nodes’ texts are split into
halves. The first half forms node text z(v), and the second half becomes the target y to generate.
Additionally, we connect a prompt node v,, for each selected node, as shown in Figurem Note that
for all prompt nodes, we use directed edges to connect them with nodes in the input graph, such
that only the information in the input graph will be passed to the prompt node for decoding, and
information in different prompt nodes does not influence each other. The text in each prompt node
asks the model to complete the sentence of the selected node it connects. This sentence-completion
pre-training task adapts LLMs’ standard ability to the graph context.

Structural tasks. The objective of the structural tasks is to pre-train GOFA to understand basic graph
structural properties. In light of this, we design the shortest paths and common neighbors reasoning
tasks between nodes. Specifically, For each training subgraph sample, we randomly sample n nodes
as the selected nodes. For each selected node, we ask the model to compute the shortest path distance
between it and the root node and output all possible shortest paths between them. Meanwhile, we
also ask the model to output the number of common neighbors the selected node and the target node
have and the node IDs of their common neighbors. The prompt node v, will connect to both the
target and the selected nodes since our structural tasks need the model to reason about two nodes
simultaneously. The text in the prompt node will be the corresponding question. Through these two
tasks, the model is expected to gain the ability to identify basic graph structures, which are critical to
downstream tasks.



Question answering task. Unlike language corpus, which naturally contains many question-and-
answer (QA) pairs, graph data usually only contain objective descriptions of entities. Nevertheless,
for the model to be fluid in tasks, we need the model to understand user prompts and be sensitive to
different tasks. Hence, we synthesize a QA-chain dataset from Ultrachat200k, as shown in Figure[I]
A language QA sequence is converted to a chain where nodes with question texts alternate with nodes
with answer texts, which are connected by directed edges to represent the conversation order. The last
question becomes the text on prompt node v,,, which is connected to every node in the chain, and the
last answer is the target text y (see Figure[I] QA-Chain Task for an example). This QA task provides
QA pseudo-graphs missing from the common graph corpus, and we found it critical for allowing the
model to be responsive to arbitrary tasks expressed in free-form questions.

4 Related work

Prompt Learning in Graph: The success of foundation models inspired many works that aim to
adapt their power to the graph domain. Earlier attempts designed a graph prompting mechanism such
that a trained model can adapt to new data by fine-tuning a soft prompting vector [36} 58 145, 53]
GraphPrompt [36! 58] pretrains on link prediction tasks, and then finetune a prompt matrix for each
downstream node or graph classification task. All in One [45] designs prompt tokens that are used to
modify node features and then take a meta-learning paradigm for multi-task learning. Subsequent
works extend graph prompts to allow in-context learning without weight update [25,[13]]. For example,
Prodigy [25] designs a few-shot prompting graph structure connecting label nodes and data nodes
related to support set samples, and trains a GNN for link prediction between label and data nodes.
However, these works only tackle limited types of tasks and do not generalize to new domains. Hence,
researchers propose integrating LLM into the graph learning and benefit from LLMs’ versatility.

LLMs as enhancers: One direction uses LLMs to convert the text features of graphs to unified
representations [35} (7} 134, [18]] for downstream graph models to distinguish and transfer knowledge
between different domains. For example, OFA [35] uses LLM to unify the input features in different
datasets and transforms multiple types of graph classification tasks into a unified binary classification
format, which allows a single graph model to be trained on diverse tasks and domains. However,
OFA could not handle regression tasks. TAPE [18]] utilizes LLM to generate question answers and
explanations as enhanced node features and use them as input to train a GNN for node classification
tasks. Such approaches have good structural modeling ability because of the explicit use of graph
structure. However, they usually cannot generate free-form output to handle arbitrary tasks.

LLMs as predictors: Another line of research proposes using LLMs as predictors and aligning
graph representation with LLM inputs. Preliminary attempts flatten graphs into text representations
and feed them into LLM [[7, 166, 16]. These approaches can benefit from LLM for task fluidity but fail
to model structural information unique to graph data properly [66, (37, 56]. Alternatively, in molecule
modeling, LLM is directly fine-tuned on molecules’ SMILE string representations [6541]]. However,
the application for such models is narrow to molecule and chemistry. Realizing this problem, follow-
up work extends methods in vision-language domain [2}[33]] to the graph domain and train adapters to
link graph model outputs to LLM [46, 47,126,162, [20]. For example, GraphGPT [46] first implements
a text-structure alignment between graph representation and text embedding to pretrain a GNN, then
takes GNN output to insert to language space and performs instruction tuning for downstream tasks.
Inspired by Q-former [33]], GraphTranslator [62] aligns node and text tokens from pre-trained GNN
and LLM. UniGraph [20] pretrains GNN using masked word prediction and then tuning a projector
to map graph embedding to language space and enable zero-shot learning. However, the GNN and
LLM parts of these methods are usually detached, meaning the prompt information can not attend
to the message-passing process. More related work about GNNs and transformers is included in

Appendix

5 Experiment

This section evaluates the proposed methods by answering the following four questions: Q1: Can
GOFA use graph information to better model TAG and help complete the target sentence? Q2: Does
the pre-trained GOFA help with zero-shot learning? Q3: Which portion of GOFA gives it unique
TAG modeling and in-context learning ability? Q4: Can we transfer the prior knowledge in the
pre-trained GOFA to downstream fine-tuning tasks?



5.1 GOFA pre-training

To answer Q1, we pre-train two GOFA models using ICAE models on Llama2-7B [48]] and Mistral-
7B [28]), optimizing the objective in Equation[d] The pre-training datasets include MAG240M [23],
UltraChat200k [9], and our proposed structural learning tasks as introduced in Section 3.4} The
training details can be found in Appendix [F] Figure @] shows a training loss decrease for the number

of seen tokens. We report the perplexity in Table |I| Table 1: Evaluation for pre-trained
and compare GOFA with base LLM finetuned on the GOFA . (RMSE for SPD and CN)
MAG240M dataset. Note that during pre-training, we

only update the weight of the GNN layers, and GOFA ’s Perplexity | SPD | CN |
lower perplexity shows that the structural and semantic in-  Llama2-7B 14.31 1.627 2.162
formation in the node’s neighbor can effectively help com-  Mistral-7B 13.03  0.859 1455

plete the sentence with more relevance than the original GOFA_Llama  4.844 0580 0.746
LLM. We observe that fine-tuned LLM does not improve GOFA-Mistral  4.811 0.553 0.531
much from the base LLM as it is already well-trained on
large-scale academic datasets and cannot directly use the E——y
neighbor information to refine the generation. Besides sen- 18
tence completion, another important GOFA pre-training 17
objective is the structure learning ability; we report short-
est path distance and common neighbor count prediction
results in Table [T} compared with LLM models whose 15
inputs are textualized graphs, with descriptions of edge
connections. We see a significant performance improve-
ment of GOFA over base LLM, showing that a difficult 13
graph task for LLM can be well solved by the GNN layers 0%0 73 147 220 294
with better structure modeling ability. ilions of Tokens

Loss

1.4

Figure 4: GOFA training loss.
5.2 Zero-shot learning with GOFA

To answer Q2, we performed zero-shot experiments on various  Taple 2: PubMed link instruction
graph tasks. Despite using QA-chain data in the pre-training

; tuning on zero-shot setting (Acc).
stage, the graph data does not include knowledge about task

formats like classification and does not output exact matches Task Cora-Link
to the answers. Hence, we first perform instruction tuning Way 2

on the pre-trained GOFA in Section [5.1] using two question-

template datasets, arxiv, and Pubmed-link. We only use a part Llama2-7B 49.72
of the data, and the goal of instruction fine-tuning is not to Mistral-78 41.34
let the model learn particular knowledge from these datasets OFA-Llama?2 52.22

but to m.ake the model understand the task format described in GOFA-Llama2-Pubmed 6236
Appendix [F:3] We intentionally chose these datasets because ¢ opa-Mistral-Pubmed  65.91
the distribution is similar to the pre-training MAG240M dataset,
which is important for fair zero-shot experiments.

Table 3: Zero-shot experiment results with Arxiv instruction tuning (Accuracy). Bold and underlined
shows best and runner-up results. L2 and M represent Llama-2 and Mistral LLM, respectively.

Task Cora-Node PubMed-Node WikiCS Products ExplaGraphs FB15K237 SceneGraphs
Way 7 3 10 10 2 10 QA
Llama2-7B 29.69 60.95 32.56  50.69 59.02 27.66 38.62
Mistral-7B 54.79 71.02 58.83 61.99 73.03 63.85 45.95
OFA-Llama2 27.70 56.42 18.5 - - - -
GraphGPT 18.13 70.11 - - - - -
UniGraph 69.53 72.48 4345 66.07 - - -
GOFA-L2-arxiv-10K| 63.56 65.26 4798 36.85 53.61 28.47 23.52
GOFA-M-arxiv-10K | 65.15 64.37 68.19  72.60 78.21 45.81 32.44
GOFA-M-arxiv-40K | 71.20 73.11 7049 7583 79.56 55.96 33.06

We perform 10-way classification fine-tuning on only 10k/40k arxiv data for one epoch and show
zero-shot results in Table E} While arxiv only contains node classification tasks, we observe that
GOFA achieves very non-trivial performance on all node-level (Cora, Pubmed, WikiCS, Products),



link-level (FB15K237), and graph-level (ExplaGraphs, SceneGraphs) tasks. GOFA also generalizes
to different ways and even question-answering (SceneGraphs) tasks, showing its desirable fluidity.
GOFA outperforms LLM and graph foundation model baselines on most datasets, and exceeds second
best results by a large margin (> 5%) on WikiCS, Products, and ExplaGraphs, showing GOFA ’s
ability to combine the advantage of both LLM and graph models. We also notice that GOFA does not
perform as outstanding on the FB15K237 knowledge graph dataset, potentially because it is a link
prediction task, which requires task-specific knowledge different from our arxiv instruction tuning
data. Using a knowledge graph for tuning can potentially improve the performance and we leave this
to future work. We also observe that GOFA is only achieving comparable performance to LLM on the
SceneGraph dataset. We notice that SceneGraph contains object coordinate description which makes
it easy for LLM to answer tasks about relative location. Whereas, our compressed representation
might still discard relevant number information compared to directly prompting this information to
LLM. Hence, the advantages of GOFA are not as apparent on tasks where text-only information is
sufficient. We discuss potential solutions in Appendix [F]and leave this to future work.

5.3 Investigation of GOFA architecture

For Q3, we observe one unique feature of GOFA  Table 4: Ablation study on prompt edge.
is that its GNN layers are embedded into the LLM.
A natural question is how important the interleaved

Single Edge Double Edge

GNN layers affect the LLM layer outputs. Hence, we ~ Cora-Link 49.6 59.4
compute a layer-wise Representation Change Ratio ~ Cora-Node 58.6 60.2
value, § = ||H' — Q||/]|Q|| (H" undergoes MLP, ~ Products 28 22.8

WNI18RR 6.4 14.6

residual, and gating modules), quantifying the change
that GNN brings to the LLM outputs; a larger value

means a higher dependence on graph information.  noge B Layer1
We take the mean ratio of 100 data randomly sampled B Layer 2
from each zero-shot dataset. The results in Figure E] Pretrain == Layer 3

. N [ Layer 4
show that almost all GNN layers have a significant == Layers
impact on the LLM output in both pre-trained and Link == Layer 6

node(arxiv)/link(Pubmed-link) instruction-tuned ver- : : : : "

sions. The pre-trained and arxiv versions have 51m11§1r Representation Changed Ratio

importance for each layer as they are all academic  Figure 5: Representation changed ratio.
datasets and node-level tasks usually obtain enough information for neighbors within 2-hops. The
link-finetuned version has larger third and fourth-layer importance, showing that the link task usually
requires the model to consider a larger neighborhood to understand the graph structure.

Another important design in GOFA that enables in-context zero-shot learning is the injected prompt
node with the user instruction. This allows the GNN to pass messages differently when users provide
different prompts. We present a zero-shot ablation study on the connection between target and prompt
nodes in Table[d] Single edge means that only the prompt node receives a message from the target
nodes, and double edge means that target nodes also receive a message from the prompt node. The
former results in static message passing independent of the prompt, and the latter in dynamic message
passing. We simultaneously train GOFA -llama on Pubmed-link and arxiv datasets and evaluate their
zero-shot performance. Without dynamic message passing, the fine-tuned model can only perform
well on one dataset and fail to use its inductive knowledge when the task (Cora-link v.s. Cora-node)
or the domain (Cora v.s. Products) shifts. This shows the importance of the prompt node design,
which enables dynamic message-passing that can better use the pre-trained knowledge of the GNN
and LLM compressor for zero-shot tasks. We answer Q4 with supervised training in Appendix

6 Conclusion, Limitations, and Future works

We introduce GOFA, a generative One-for-All graph foundation model. GOFA is pre-trained
in a graph-level next-token prediction manner to enable large-scale self-supervised learning. By
integrating GNN layers with LLM layers, GOFA combines the generative capabilities of LLMs
for free-form output with the structural learning strengths of GNNs for understanding complex
graph connections. Our experiments demonstrate that GOFA, when fine-tuned with a small number
of data, achieves impressive zero-shot performance, highlighting its potential as a robust graph
foundation model. One limitation of our work is the extensive training time required due to the



use of abundant graph data. Furthermore, interleaving GNN layers with LLM layers increases the
embedding dimensions for nodes and edges, which consequently extends the inference time beyond
that of a typical LLM. Additionally, we employ a frozen LLM compressor in our architecture; hence,
the compression capability is not dynamically integrated with the graph data, potentially impacting
the efficiency and adaptability of the model. We believe finetuning a graph language compressor can
further enhance the performance of GOFA and will explore it in the future.
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Appendix

A Implementation Details

A.1 In-context autoencoder (ICAE)

This section briefly introduces ICAE and how it helps build the GOFA model; please refer to ICAE
paper [14] for the specifics of the model. ICAE contains two decoder-only LLMs. One serves as a
language compressor that compresses sentences into a fixed-length sequence of vectors, and the other
serves as a language decoder that decodes or queries into the compressed sentence representations.
Specifically, during training, an input token sequence = {x1, ..., x; } is appended by a K memory
tokens {mj, ..., my} with trainable embeddings. The concatenated sequence is fed to the LLM
compressor with a LoRA adapter [22].

{h(z1),.... h(z), h(m1), ... h(mk)} = LLM comp({e(21), ..., e(x1),e(m1), ...,e(mK)}), (5)

where e(-) and h(-) are the token embeddings and LLM outputs. Then, the decoder LLM only attends
to the memory token outputs and tries to decode the original sentence from the memory tokens.

{l(m1), ..., l(mg), (1), ..., 0(x;1)} = LLMgec({h(m1), ..., h(mK),e(x1),...,e(x;)})
min CrossEntropy({{(mx),(z1),...,l(x1-1)}, {z1, ..., 21})

comp
The ICAE model is also trained on QA and Language modeling tasks to have more diverse embed-
dings.

By training this auto-encoder objective on a large-scale, the compressor model learns to compress
all information about a sentence to the memory token outputs like in a conventional auto-encoder
model. Because the compressed representation contains as much information as possible, GNN can
pass messages between nodes with minimal information loss.

A.2 LLM choices of GOFA

Because ICAE preserves as much information in a sentence as possible, we can use it in the GOFA
model to comprehensively pass information between sentences, as shown in Section [3.2] However,
the GOFA model is not limited to ICAE. Users can first train an ICAE-like objective on any existing
LLM and apply the GOFA model to the trained LLM. Or, users can apply the GOFA directly to
a pre-trained LLM and train the GOFA without the auto-encoder training. Note that the ICAE
architecture has a function similar to an encoder-decoder LLM. We do not use an off-the-shelve
encoder-decoder LLM because its encoder output is still subject to the sentence length, which does
not fit GNN’s need for fixed-sized input.

The design of GOFA can be extended beyond a compressor-decoder architecture. For example, we
can have a decoder-only GOFA whose LLM layer is,

{QL, QL. QLY = LLM*({QL, HL, QL }), 7

where the GNN is still applied on K memory tokens inserted between the node text = and target
text y. This allows the target text to attend to the node text, which may improve the performance of
GOFA. However, this formulation forces every node to have a target text, which is usually not what
users desire and poses extra computation costs. We will explore this architecture in our future work.

A.3 Transformer Convolutional GNN

As mentioned in Section 3.2} we customize a Transformer Convolutional GNN(TransConv) [44]]
as the GNN used in Equation[3] Since GNN layers operate on token representations and tokens at
different indices do not communicate, we describe the GNN at one index for simplicity. The ¢-th
GNN layer on node 4 and its neighbors A/ (4) is:

W) = Wo( D i j(Wanodeh! (7) + Wo cageh(ei ;))),
JEN ()
Woh' (i) ¥ (Wi nodeh' () + Wi cdgeh(€i )
Vd

®)

o ; = Softmax(

);
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h(-) represents input node and edge features. W represents query (¢q), key (k), value (v), output (0)
linear projection for nodes and edges. The formulation closely follows the transformer design [49]
and its GNN adaptation [44]. This formulation does not aggregate the last layer embedding h*(7)
into the next layer, because we already add residual to maintain the same effect. We use pre-layer
normalization following Llama [48]].

B Supervised Experiment Results

In the supervised experiment, GOFA ’s prompt does not include class optional. We show the
supervised results in Table [5] GOFA achieved competitive performance on most datasets. In
particular, GOFA achieved SOTA performance on the Pubmed dataset, demonstrating that GOFA can
transfer pre-trained knowledge to downstream tasks. The fluidity of GOFA also allows it to perform
regression tasks, which is not possible for earlier general graph models like OFA [35]]. We also notice
that GOFA is not performing well on some link datasets, possibly due to the fact that in a supervised
setting, we only train a small portion of the data (specific numbers in the experimental details section
in Appendix [F), and different link tasks require subtle structural information that is difficult to learn
and not present in the pre-training tasks. We plan to incorporate more diverse structural tasks into our
pre-training datasets for the model to better generalizability.

Table 5: Experiment results in supervised learning.

Cora Cora PubMed PubMed Arxiv WikiCS WN FB  Products MLIM
Task type Link Node Link Node Node Node Link Link Node Link
Metric AcctT AccT AccT Acct Acct Acct AccT AcctT AccT RMSE|

GCN 78.94+0.6 82.3+1.1 77.5+04 77.840.7 73.9+0.6 77.0+£0.6 82.74+0.4 90.1+0.3 80.04+0.7 0.977+0.001
GAT 80.140.3 80.4+0.4 80.5+02 76.640.5 75.8403 79.840.5 88.8+0.3 93.6+0.1 81.4+0.2 0.923+0.001

OFA | 87.97 7534 9589 7789 7344 77.62 9831 9578

GOFA-llama | 80.96 73.08 79.80 86.54 77.08 7892 86.62 81.73 7596 1.197
GOFA-mistral| 83.48 77.08 81.65 87.33 7428 80.34 88.87 80.11 78.54 1.090

C Datasets

Cora. The Cora dataset is a co-citation network, where nodes are papers related to artificial intelli-
gence. Edges mean the connected two papers are co-cited by other papers. The Cora dataset contains
2708 nodes and 10556 edges. We collect the Cora dataset and its raw text from OFA [35]. We
evaluate the performance of the baseline and our proposed model on Cora for both node-level and
link-level tasks. For the node-level task, the aim is to classify the node into the correct paper category
from 7 different categories. The split is obtained from OFA. It contains 140/500/2068 samples for
train/val/test set respectively. For the link-level task, the object is to predict whether two paper nodes
are co-cited or not. We follow the setting of OFA [35]] and randomly split all edges into train/val/test
sets with a ratio of 0.85/0.05/0.1.

PubMed. The PubMed dataset is a co-citation network, where nodes are papers related to diabetes
mellitus. Edges mean the connected two papers are co-cited by other papers. The PubMed dataset
contains 19717 nodes and 88648 edges. We collect the PubMed dataset and its raw text from
OFA [35]. We evaluate the performance of the baseline and our proposed model on PubMed for
both node-level and link-level tasks. For the node-level task, papers have 3 different categories. The
goal is to classify the node into the correct paper category. We obtain the split directly from original
source. It contains 60/500/19157 samples for train/val/test set respectively. For the link-level task, the
object is to predict whether two paper nodes are co-cited or not. We follow the setting of OFA [35]
and randomly split all edges into train/val/test sets with a ratio of 0.85/0.05/0.1.

Arxiv. The Arxiv dataset is a citation network, where nodes are papers related to computer science
and edges mean two papers have a citation relationship. The Arxiv dataset contains 169343 nodes
and 1166243 edges. We collect the Arxiv dataset and its raw text from OGB [24]. We evaluate
the node classification on the Arxiv dataset. The goal is to classify the paper node into the correct
category from 40 possible categories. We obtain the split directly from OGB [24]. It contains
90941/29799/48603 samples for train/val/test set, respectively.
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WikiCS. The WikiCS dataset is a graph obtained from Wikipedia. The nodes in WikiCS are Wikipedia
terms and their descriptions. The edges mean there is a hyperlink between two terms. We collect the
WikiCS dataset and its raw text from [38]]. There are 11701 nodes and 216123 edges in the graph. We
evaluate the performance of WikiCS on the node classification task. There are 10 different classes.
We follow the same split as OFA [35]], which contains 580/1769/5847 samples for the train/val/test
set, respectively.

Products. The Products dataset is a co-purchase graph. The nodes in the graph represent product
items from the Amazon platform, and the edges represent that two products are co-purchased together.
We obtain the Products and their raw texts from TAPE [[18]], which is a subset from the original
ogbn-Products [24] dataset. It contains 54025 nodes and 144638 edges. We evaluate the node
classification performance on Products. The data from the original source contains 47 different
categories. However, we found that there are two classes that don’t have any nodes and one class
contains nodes with missing text. Therefore, we exclude these classes. Finally, there are 44 different
categories and 14695/1567/36982 samples for the train/val/test set, respectively.

MoiveLens-1M (ML1M). The ML1M dataset is a bipartite graph obtained from a movie rating
platform. The nodes in the graph represent a user or a movie. The edges represent the score the user
rates to the movie. The rating ranges from 1 to 5. We obtained the ML 1M dataset and its raw texts
followed PyG [12]. It contains 9923 nodes and 1000209 edges. We evaluate the performance of
models on ML1M dataset with a link regression task. Specifically, the task is to predict the score
the user give to the movie. For ML1M, we randomly split all edges into train/val/test with a ratio
0.85/0.05/0.1, which results in 850177/50011/100021 samples for the train/val/test set, respectively.

WNI18RR. The WN18RR is a knowledge graph generated from WordNet. The nodes in the graph
represent English words and edges represent the relationship between two words. We obtain the
WNI18RR dataset from OFA [35]]. The graph contains 40943 nodes and 93003 relations. We evaluate
the performance of baselines and our model on the link classification task using WN18RR. There
are 11 different relationships in the dataset. We obtain the split directly from OFA [35]). It contains
86835/3034/3134 samples for the train/val/test set, respectively.

FB15K237. The FB15K237 is a knowledge graph generated from Free Base. Nodes in the dataset
represent entities in the world and edges represent the relation between entities. We obtained the
dataset from OFA [35]. The FB15K237 is used to evaluate the link classification. The dataset
contains 237 unique classes. We follow the setting of OFA [35] and split the dataset with a ratio
of 0.85/0.05/0.1, which results in a total of 272115/17535/20466 samples for train/val/test set,
respectively.

ExplaGraphs. The ExplaGraphs is a graph question answering dataset on commonsense concepts.
Nodes in the dataset represent a common sense concept and edges represent the relation between two
concepts. We obtain the dataset from G-retriever [[19] The ExplaGraphs can be used for question-
answering on graphs. We obtain the split directly from G-retriever [19]. It contains 1659/553/554
graph samples from the train/val/test set.

SceneGraphs. The SceneGraphs is a graph question answering dataset on scene graphs. Nodes in
the dataset represent an object in an image and edges represent the relation between two objects. We
obtain the dataset from G-retriever [19] The SceneGraphs can be used for question-answering on
graphs. We obtain the split directly from G-retriever [19]. It contains 59978/19997/20025 graph
samples from the train/val/test set.

MAG240M. The MAG240M dataset is a citation network generated from Microsoft Academic
Graphs. The nodes represent academic papers and the links represent a citation relation between two
papers. We obtained the dataset and raw text from OGB-Isc [23]. However, the original dataset is
extremely large and contains nodes without text features (author and institution nodes), since we
mainly use the dataset for pre-training, we further downsample the original dataset. Specifically, we
only keep paper nodes and citation links between papers. Further, we downsample the edges in the
following ways. First, we selected all nodes in the train/val/test split provided by OGB-Isc [23]]. Next,
we filter the edges through two rounds. In the first round, we only keep the edge if either the source
or the target is in the selected nodes. If any node in the added edge is not in the selected nodes, we
add it to the node set. Next, in the second round, we include additional edges where both the source
and target are in the selected nodes (additional nodes are added in the first round). The procedure
results in a total of 5875010 nodes and 26434726 edges.

18



Ultrachat200k. The Ultrachat200k is a question-answering dataset. each sample is a multi-round
conversation obtained from the web. We obtained the Ultrachat200k from [9]. However, the original
dataset is not a network. To convert it to a graph dataset, we manually create a graph structure for
it. Specifically, if the original sample has k round of conversation, we will generate k — 1 graph
sample. The i-th graph will contain the first ¢ round of conversation. Each node in the graph is
either a question or an answer. The question and answer are linked by a directed edge indicating the
order of the conversation. The conversation of ¢ 4+ 1 round will be the question-answer pair for this
graph. Since we mainly use the dataset for pre-training. We only include frain-sft subset. After the
conversion, there are a total of 449929 graphs in total.

D Related Work Extended

GNNs and Transformers: In recent years, GNNs have become the most popular method for dealing
with graph learning problems due to their extraordinary ability in structural learning. Particularly,
Previous works [54} 40] show that the expressive power of message-passing GNNs can be as
powerful as the 1-dimensional Weisfeiler-Lehman test, a powerful algorithm for graph isomorphism
problems. Many recent works also try to design more powerful GNNs that beyond the 1-WL
test [63} 1314 (10} 27,160, 159} [1 11 132] for better structural ability like learning distance between nodes
or counting cycles in graph. Some works try to combine the GNN with the transformer. particularly,
GraphFormers [55] and GROVER [43] also insert a GNN layer between consecutive transformer
layers for modeling graph inductive bias. Different from us, their transformer layers are randomly
initialized and directly tuned on downstream tasks without text.

E Graph Structure Question Example of LLM

We assessed the ability of LLMs to respond to questions related to graph structures, including shortest
path distances and common neighbor counting. For this evaluation, graph edges were described using
plain text, and the LLM was tasked with generating the answers. The results of this evaluation are
presented in Table[T] These findings indicate that LLMs struggle to comprehend graph structures
effectively. We include examples of the questions posed and the corresponding answers generated by
the LLM in Table @] to illustrate these challenges.

F Experimental settings

F.1 General settings

Subgraph sampling: In the GOFA, for node/link/graph-level tasks, the input format is unified as a
subgraph task. Namely, for node/link-level tasks, we will select a k-hop subgraph surrounding the
target nodes as the input graph for the model. We follow a similar subgraph sampling strategy as
OFA [35] with minor improvement. Specifically, for node-level tasks, we directly sample the k-hop
subgraph rooted at the target node. Meanwhile, we set a threshold for maximum nodes per hop. If
the nodes in a certain hop exceed the threshold, we will randomly sample maximum nodes from
all nodes. For link-level tasks, we will independently do the sampling for both two nodes and then
merge two subgraphs as the final subgraph.

Implementations. Both the GOFA and all baselines are implemented using Python with Pytorch,
transformers, and PyG [12] packages.

F.2 Pre-training of GOFA

Dataset. For pretraining, we use two datasets: MAG240M and Ultrachat200k. For MAG240M, each
training sample is a subgraph sampled around a node. Next, we will construct sentence completion,
Shortest path distance, and common neighbor tasks for each sample. Specifically, given a sampled
subgraph rooted at the target node, we will first build the sentence completion task on the target node
(the root node in the sampled subgraph). Next, we randomly sample k£ nodes in the subgraph. Next,
for each node, we will independently construct all three tasks. For the shortest path distance and
common neighbor, the task is to return the results between the selected nodes and the target node. In
the pretraining, we set k as 3, which results in 10 tasks for each training sample. For Ultrachat200k,
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Table 6: Comparison of LLM-generated answers with correct answers for graph structure questions.

Question

Answer

Correct Answer

In the graph node 8 connects to
1, node 13 connects to 9, node 8
connects to 7, node 3 connects to
13, node 3 connects to 4, node 6
connects to 6, node 11 connects
to 8, node 12 connects to 11, node
2 connects to 12, node 14 con-
nects to 7, node 6 connects to 3,
node 6 connects to 9, node 2 con-
nects to 8, node 2 connects to 9,
node 5 connects to 8, node 3 con-
nects to 11, node 8 connects to
5, node 10 connects to 11, node
2 connects to 9, node 9 connects
to 10, what is a shortest path be-
tween node 8 and node 9?

To find the shortest path between
node 8 and node 9, we can use
Dijkstra’s algorithm or any other
shortest path algorithm. However,
since this graph is small, we can
find it manually. Here’s one of
the shortest paths between node 8
and node 9: Start at node 8. Move
from node 8 to node 5 (neigh-
bor). Move from node 5 to node
8 (neighbor). Move from node 8
to node 2 (neighbor). Move from
node 2 to node 9 (neighbor). So,
the shortest path between node 8
and node 9is: 8 ->5->2->9.

§->2->9

In the graph node 8 connects to
1, node 13 connects to 9, node 8
connects to 7, node 3 connects to
13, node 3 connects to 4, node 6
connects to 6, node 11 connects
to 8, node 12 connects to 11, node
2 connects to 12, node 14 con-
nects to 7, node 6 connects to 3,
node 6 connects to 9, node 2 con-
nects to 8, node 2 connects to 9,
node 5 connects to 8, node 3 con-
nects to 11, node 8 connects to 5,
node 10 connects to 11, node 2
connects to 9, node 9 connects to
10, what are common neighbors
between 13 and 5?

To find the common neighbors be-
tween nodes 13 and 5, we need to
identify all nodes that are neigh-
bors of both nodes 13 and 5.
From the provided connections:
Node 13 is connected to node 9
and node 3. Node 5 is connected
to node 8. Therefore, the com-
mon neighbor between node 13
and node 5 is node 8.

No common neighbors.

we directly use the constructed graphs for pertaining. The detailed task prompts and answer examples
are shown in Table[7l

Training details. The initial weight of the LLM compressor and decoder is obtained from ICAE [14].
The initial weight of all GNN layers is randomly initialized. The value of all gates in the residual
connection is set to 0 to ensure the initialized model performs the same as the original language model.
During the training, we only tune the GNN layers. Due to limited computation resources, we only
include 1500000 training samples from MAG240M and 120000 training samples from Ultrachat200k.
We pre-train two models using Llama2-7b and Mistral-7b, respectively. The training is conducted
on 8 NVIDIAA100_SXM4_80GB GPUs with DeepSpeed stage 2 [42] parallelism. The detailed
training parameters are set the same for both two models and are listed in Table [§] We use AdamW
optimizer with 8 = (0.9,0.95). We use a cosine annealing learning rate scheduler, and the minimum
learning rate is 10% of the initial learning rate. We restarted the learning rate 2 times on one-third
and two-thirds of the training.

F.3 Zero-shot learning

Setting. For the zero-shot learning, we select Cora-link, Cora-node, PubMed-node, WikiCS, Products,
ExplaGraphs, and SceneGraphs as evaluation datasets. For all datasets, we directly evaluate baselines
and GOFA on the test set.

20



Table 7: Detailed question and answer example in pertaining task.

Task

Question example

Answer example

Sentence completion

Complete the sentence of the tar-
get node.

Complete the sentence of the
node[NODE.A].

The rest of the sentence in the tar-
get node.

The rest of the sentence in node
[NODE.A].

Shortest paths

Compute the shortest path dis-
tance between the target node
[NODE.L] and node [NODE.B]
and generate all shortest paths
from the target node to the
node [NODE.B]. Please separate
nodes in the path with ->. If mul-
tiple paths exist, generate all of
them with an ascending order of
node sequences and separate dif-
ferent paths with ;.

The shortest path distance is 2.
Shortest paths: [NODEID.L] ->
[NODEID.G] -> [NODEID.B].

Common Neighbors

Is there any common neighbor be-
tween the target node [NODE.L]
and node [NODE.B]? If it exist,
please give the total number and
list all common neighbors in as-
cending order of node, separate
nodes with ;.

There is 1 common neighbor
between two nodes, including
[NODEID.G].

QA-Chain

What are the rules and restric-
tions in place for COVID-19 in
the city?

I don’t have any live data regard-
ing the covid-19 rules and restric-
tions. Please check with the local

authorities or health department
for the latest guidelines and re-
Sstrictions in your city.

Table 8: Hyper-parameters for pretraining.

Ir  weight_decay batch_size dropout grad_clip gradient_accum 1llm_max_length optimizer

0.0001 0.1 8 0.0 0.5 8 128 AdamW

Detail of Baselines. For baseline methods, we compare the GOFA with two types of methods. The
first type of method is to evaluate the performance directly using the LLM models. We select Llama2-
7B and Mistral-7B [28]] as baseline models. For these models, we directly give the well-trained
model the content in all target nodes and then concatenate the same prompt we use in the GOFA. The
second type of method is the graph foundation model. We select the OFA [35] and GraphGPT [46] as
baseline methods. For OFA, we directly run the code from the original source to train the model using
the Arxiv and FB15K237 datasets. We train the model 50 epochs and all other settings following the
default OFA setting. To ensure a fair comparison, we use the Llama2-7b as the embedding model for
OFA and report the test performance. For GraphGPT, we directly report the result from the original
paper.

Detail of GOFA. For the GOFA, we fine-tune the model from the pre-training checkpoint. In
fine-tuning, we will train the parameters of GNN and LoRA layers in the LLM decoder. To compre-
hensively evaluate the performance of GOFA, We separately fine-tune the GOFA on different datasets.
Specifically, we design two different settings. In the first setting, we fine-tune the model using the
Arxiv dataset with the node classification task. In the second setting, we fine-tune the model using the
PubMed dataset with the link prediction task. For each setting, we fine-tune both the Llama2-7B and
Mistral-7B versions, which results in 4 different versions. We denote as GOFA-Llama2-Node, GOFA -
Mistral-Node, GOFA-Llama2-Link, GOFA-Mistral-Link, and GOFA-Mistral-Joint, respectively. For
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Table 9: Prompt examples of GOFA for each dataset in Zero-shot learning.

Dataset

Prompt

Cora-node

You need to answer this question based on the information from this node: [NODEID].
This is a co-citation network focusing on artificial intelligence, nodes represent aca-
demic papers and edges represent two papers that are co-cited by other papers. You
are an expert in computer science. You need to choose the correct paper category
based on the paper content and its co-citation network. For example, if the paper
[NODEID] {<label_description>, choose <label>;}. What is the most likely paper
category for the target paper? Choose from the following: {<label>}.

Cora-link

You need to answer this question based on the information from this node: [NODEIDI |
and [NODEID?2]. This is a co-citation network focusing on artificial intelligence,
nodes represent academic papers, and edges represent two papers that are co-cited
by other papers. You are a computer science expert tasked with determining whether
two given papers are co-cited by another paper based on their content and network
characteristics. Evaluate the following criteria: assess whether the topics of the
two papers are similar, check if the shortest path distance between the two papers is
small, and verify whether the papers have a large number of common neighbors in
the citation network. If the answer to most of these questions is Yes, choose Yes, if the
answer to most of these questions is No, choose No.

PubMed-
node

You need to answer this question based on the information from this node: [NODEID].
This is a co-citation network from the Pubmed platform focusing on diabetes mellitus.
Nodes represent academic papers and edges represent two papers that are co-cited by
other papers. You are an expert on diabetes mellitus. You need to choose the correct
paper category based on the paper content and its co-citation network. For example,
if the paper [NODEID] {<label_description>, choose <label>;}. What is the most
likely paper category for the target paper? Choose from the following: {<label>).

WikiCS

You need to answer this question based on the information from this node: [NODEID].
This is a Wikipedia graph focusing on computer science. Nodes represent Wikipedia
terms and edges represent two terms that have hyperlinks. You are an expert in
computer science. You need to choose the correct category of Wikipedia term based on
the term content. For example, if the term [NODEID] {<label_description>, choose
<label>;}. What is the most like category for this Wikipedia entry? Choose from the
Sfollowing: {<label>}.

Products

You need to answer this question based on the information from this node: [NODEID].
This is a co-purchase network from the Amazon platform. Nodes represent the products
sold on Amazon and edges represent two products that are co-purchased together. For
example, if the product [NODEID] {<label_description>, choose <label>;}. What is
the most like category for this product? Choose from the following: {<label>}.

FB15K237

You need to answer this question based on the information from this node: [NODEID]I |
and [NODEID?2]. This is a knowledge graph from the FreeBase. Nodes represent
knowledge entities and edges represent relations between two entities. You are an
expert in knowledge graph reasoning. You need to choose the correct relation type
between two target entities based on their existing relations. For example, if two
relations {<label_description>, choose <label>;}. What is the relationship between
two target entities? Choose from the following list: {<label>}."

ExplaGraphs

This is a graph constructed from commonsense logic. Nodes represent commonsense
objects and edges represent the relation between two objects. You are a logic expert
tasked with analyzing the logical relationship between two arguments related to
connected entities. Determine if the arguments support or counter each other based
on their logical coherence. If there is no logical conflict between the two arguments
and they are in agreement, choose Support; if the arguments exhibit a logical conflict
or contradiction, choose Counter.

SceneGraphs

This is a scene graph generated from an image. Nodes represent an object in the image
and edges represent the relationship between two objects. <Question>
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Table 10: Hyper-parameters for zero-shot instruction fine-tuning.

Model \Weight_decay gradient_accum Ilm_max_length train_sample_size
GOFA-Llama2-Node 0.1 4 256 10000
GOFA-Mistral-Node 0.1 64 256 10000/40000
GOFA-Llama2-Link 0.0001 4 256 60000
GOFA-Mistral-Link 0.1 64 256 40000

all evaluation and pre-training datasets, we design multiple prompt templates with instructions to
let the model select the correct label from the provided label list. For each label in each dataset, we
use the GPT-4 to generate a short description for the label. The detailed prompt examples for all
datasets are shown in Table[9] For fine-tuning on Arixv, since it is hard to include all 40 ways in the
prompt, we randomly sampled 5 ways during the training for each sample. For each pre-training
dataset, we randomly sample a fixed number of training samples in a stratified way. The detailed
parameters for fine-tuning are listed in Table[TI0] All parameters not listed in the table are the same as
the pre-training setting. For all training versions, we directly evaluate the model on the test set of all
evaluation datasets. We evaluate the model on the whole test set except Products and FB15K237,
which only sample 10000 samples for evaluation. For evaluation, we will match the text output
generated by the GOFA with the ground true label to compute the accuracy of the classification task.
For the regression task, we will extract the number from the output text and compute the metric with
the correct value.

F.4 Supervised-learning

Table 11: Hyper-parameters for supervised fine-tuning.

Ir  weight_decay grad_clip gradient_accum IIm_max_length

0.0001 0.1 0.5 4 256

Setting. For the supervised-learning setting, we select Cora (node/link), PubMed (node/link), Arxiv,
WikiCS, WN18RR, FB15K237, Products, and ML 1M datasets for the evaluation. For all datasets, we
utilize the default split described in Appendix [C] To ensure a fair comparison, we employ subgraph
sampling for GOFA and all baseline methods. For all datasets, the sampling hop is 3 and the maximum
nodes per hop are 5, except for the ML1M, which is 1 and 15 respectively.

Detail of baselines. For the traditional GNN methods, we include GCN [29] and GAT [50]. To ensure
a fair comparison, we use Llama2-7B to convert raw texts in all datasets to sentence embedding and
use this as the model’s input node/edge features. We re-implement both methods in order to adapt the
original method with subgraph input. Specifically, for but node/link-level tasks, we will add labeling
trick [64] to the target nodes at the beginning. After message passing, we will use the summation
pooling on all target nodes and use the result embedding for the prediction. For traditional GNN
methods, we train and evaluate each dataset independently. For all datasets, we search the number
of layers and dropout parameters. For each parameter set, we repeat the experiment 4 times select
the parameter set with the best validation performance, and report the performance on the test set.
For the graph foundation model, we include OFA [33] as the baseline. The OFA is simultaneously
trained and evaluated on all datasets. To ensure a fair comparison, we get their code from the original
source and train the model on Cora (node/link), PubMed (node/link), Arxiv, WikiCS, WN18RR,
and FB15K?237 dataset using the Llama2-7b as base LLM model. Similarly, for OFA, we use the
same subgraph sampling parameters as all other methods. For other parameters, we use the default
parameter provided in their code. We only run the model one time and report the final performance.

Detail of GOFA. For the GOFA, we fine-tune the model from the pre-training checkpoint on both
Llama?2 and Mistral. In fine-tuning, we will train the parameters of GNN and LoRA layers in the
LLM decoder. We simultaneously fine-tune the model on the train set of Cora-node, Cora-link,
PubMed-node, PubMed-link, Arxiv, WikiCS, WN18RR, FB15K237, Products, and ML1M. For each
dataset, we will randomly sample a fixed number of training samples for each epoch with stratified
sampling. The sample number for each dataset is 1200, 15000, 1300, 20000, 16000, 8000, 20000,
20000, 10000, 15000, respectively. We fine-tune the model for 1 epochs. The detailed parameters
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Table 12: Detailed prompt of GOFA for each dataset in supervised learning.

Dataset

Prompt

Cora-node

This is a co-citation network focusing on artificial intelligence, nodes
represent academic papers and edges represent two papers are co-cited
by other papers. What is the most likely paper category for the target
paper? Please directly answer the category.

Cora-link

This is a co-citation network focusing on artificial intelligence, nodes
represent academic papers and edges represent two papers are co-cited
by other papers. Is the two target papers co-cited or not? Please only
answer yes or no.

PubMed-node

This is a co-citation network from Pubmed platform focusing on dia-
betes mellitus. Nodes represent academic papers and edges represent
two papers are co-cited by other papers. What is the most likely paper
category for the target paper? Please directly answer the category.

PubMed-link

This is a co-citation network from Pubmed platform focusing on dia-
betes mellitus. Nodes represent academic papers and edges represent
two papers are co-cited by other papers. Is the two target papers
co-cited or not? Please only answer yes or no.

Arxiv

This is a citation network from arxiv platform focusing on the computer
science area. Nodes represent academic papers and edges represent
citation relationships. What is the most likely paper category for the
target Arxiv paper? please directly answer the category.

WikiCS

This is a Wikipedia graph focusing on computer science. Nodes rep-
resent Wikipedia terms and edges represent two terms have hyperlink.
What is the most likely category for this Wikipedia term? Please directly
answer the category.

WNI18RR

This is a knowledge graph from WordNet. Nodes represent an English
word and edges represent the relationship between two words. What is
the relationship between two target words? Please directly answer the
relationship.

FB15K237

This is a knowledge graph from freebase. Nodes represent knowledge
entities and edges represent relations between two entities. What is the
relationship between two target entities? Please directly answer the
relationship.

Products

This is a co-purchase network from the Amazon platform. Nodes repre-
sent the products sold on Amazon and edges represent two products are
co-purchased together. What is the most like category for this product?
Please directly answer the category.

MLIM

This is a recommendation graph from a movie rating platform. Nodes
represent user or movie in the platform and edges represent the rating
a user gives to a movie. Please predict the user taste to this movie,
ranging from 1 to 5.

for fine-tuning are listed in Table [T} For each dataset, we create a prompt for the LLM decoder to
generate the desired answer. In a supervised setting, we ask the LLM model directly to generate
the correct answer, instead of doing the selection from the given list. The detailed prompt for each
dataset is listed in Table[I2] For evaluation, we will match the text output generated by the GOFA
with the ground true label to compute the accuracy of the classification task. For the regression task,
we will extract the number from the output text and compute the metric with the correct value.
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