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Nezha: An Efficient Distributed Graph Processing System on
Heterogeneous Hardware

PENGJIE CUI", Northeastern University, China

HAOTIAN LIU, Southern University of Science and Technology, China
DONG JIANG T , Northeastern University, China

BO TANG¥*, Southern University of Science and Technology, China

YE YUAN i, Beijing Institute of Technology, China

The growing scale of graph data across various applications demands efficient distributed graph processing
systems. Despite the widespread use of the Scatter-Gather model for large-scale graph processing across
distributed machines, the performance still can be significantly improved as the computation ability of each
machine is not fully utilized and the communication costs during graph processing are expensive in the
distributed environment. In this work, we propose a novel and efficient distributed graph processing system
Nezha on heterogeneous hardware, where each machine is equipped with both CPU and GPU processors
and all these machines in the distributed cluster are interconnected via Remote Direct Memory Access
(RDMA). To reduce the communication costs, we devise an effective communication mode with a graph-
friendly communication protocol in the graph-based RDMA communication adapter of Nezha. To improve
the computation efficiency, we propose a multi-device cooperative execution mechanism in Nezha, which
fully utilizes the CPU and GPU processors of each machine in the distributed cluster. We also alleviate the
workload imbalance issue at inter-machine and intra-machine levels via the proposed workload balancer in
Nezha. We conduct extensive experiments by running 4 widely-used graph algorithms on 5 graph datasets to
demonstrate the superiority of Nezha over existing systems.

CCS Concepts: « Information systems — Graph-based database models; « Theory of computation —
Graph algorithms analysis.
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1 Introduction

Graph is a well-known data structure used to represent the relationships among the entities in
various applications, including social network analysis [6, 8], biological data interpretation [39],
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and web graph mining [64]. With the recent development in information science and big data
applications, graph data has grown rapidly. For example, the social graph of Facebook has reached
terabyte-scale [6], which obviously exceeds the capacity of a single machine. As a result, many
studies [13, 21, 31, 42, 58, 68, 71] have turned to process the large-scale graph data using distributed
clusters. For example, Gemini [71] is built on a CPU cluster to achieve high scalability and efficiency
during large-scale graph processing, and Lux [17] uses multiple GPUs across different machines to
improve the throughput of graph processing. However, existing techniques in these systems are
insufficient to build an efficient distributed graph processing system on heterogeneous hardware,
where each machine is equipped with both CPU and GPU processors and all these machines are
interconnected via RDMA. We next elaborate on the limitations of existing techniques from two
aspects: (i) computation efficiency and (ii) communication costs.

Computation Efficiency. Both Gemini [71] and Lux [17] utilize homogeneous computing pro-
cessors in the distributed environment. In particular, Gemini [71] is built upon a CPU cluster, and
Lux [17] is a distributed graph processing system on GPUs, with its CPUs playing a supportive
role. However, modern machines in a cluster are typically equipped with both CPU and GPU
processors. It is obvious that existing techniques in both Gemini [71] and Lux [17] cannot fully
utilize their computational power. Besides, many graph processing systems [7, 12, 69] have been
proposed to cooperate with both CPU and GPU in a single machine for efficient graph processing.
Unfortunately, these single machine solutions ignore the communication costs in the distributed
cluster. Thus, they cannot be directly adapted to build an efficient distributed graph processing
system on heterogeneous hardware.

Moreover, improving computation efficiency by balancing workloads across different machines
is not trivial in a distributed graph processing system. Graph partitioning is a common idea to
alleviate the workload imbalance issue. Various partition-based methods have been proposed in the
literature, such as vertex-cut [13, 15, 32, 33, 38], edge-cut [49, 55, 71], and hybrid-cut [5]. However,
the effectiveness of a graph partitioning solution highly depends on the raw graph data and upstream
applications. Therefore, it is insufficient to improve the distributed graph processing system by only
using graph partitioning approaches [36]. Mizan [21] proposed a solution to dynamically balance
the workload in the cluster via monitoring techniques. However, it introduces overhead to monitor
and adjust the workload placement, which can be larger than the benefits gained [29]. Thus, these
techniques cannot be directly used to build an efficient distributed graph processing system.

Communication Costs. Besides the computation efficiency, the end-to-end distributed graph
processing performance also depends on communication costs. Distributed graph processing is
communication intensive [1, 5, 13], as it requires transferring large amounts of data among machines
to synchronize intermediate results, which incurs significant communication costs. Most existing
distributed graph processing systems [21, 31, 42], including Gemini [71] and Lux [17], utilize the
TCP/IP protocol for communication. However, the high CPU overhead and multiple data copy costs
associated with TCP/IP have severely impacted the performance of distributed graph processing.
To reduce communication costs, some existing distributed graph processing systems [15, 33, 71]
have implemented specific software-oriented optimization strategies, such as Gemini [71] assigns
dedicated communication threads to hide the TCP/IP costs. Unfortunately, high CPU invocation
and data copy costs cannot be fully avoided through software-oriented optimizations [66].
Recently, Remote Direct Memory Access (RDMA) has been widely used in distributed systems [2,
9, 27, 73], which allows direct memory access between machines without involving the CPU. For
example, FaRM [9] introduces an RDMA communication stack designed for efficient transaction
processing. Wukong+G [62] uses RDMA to accelerate its Resource Description Framework (RDF).
However, existing RDMA communication methods do not consider the characteristics of distributed
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graph processing. For instance, Wukong+G initiates communication for each individual request.
This approach leads to one RDMA communication per vertex and introduces unnecessary overhead
for graph processing. Furthermore, these RDMA communication methods overlook the issue of
memory efficiency, which is critical for efficiently processing large-scale graphs in a distributed
graph processing system.

In this work, we propose Nezha, an efficient distributed graph processing system on heteroge-
neous hardware (i.e., CPU, GPU, and RDMA). Firstly, a novel graph-based RDMA communication
adapter is introduced in Nezha. In particular, it includes a graph-friendly RDMA connection mode
and a graph-based RDMA communication protocol, which significantly reduce the communication
costs and improve the memory utilization during the distributed graph processing. Secondly, a
multi-device cooperative executor is devised in Nezha, which improves end-to-end graph process-
ing performance via a thoroughly designed multi-device cooperative execution model. Moreover, it
improves the end-to-end performance by overlapping PCle costs, CPU/GPU computation costs, and
RDMA communication costs during graph processing. Thirdly, an online workload balancer is de-
signed in Nezha, which balances the workload in the distributed cluster at both inter-machine level
and intra-machine level. To sum up, the technical contributions of this work can be summarized as
follows.

e The Graph Processing System: Nezha. We propose Nezha, to the best of our knowledge, it is
the first graph processing system which utilizes both CPU and GPU processors on the distributed
machines interconnected via RDMA. The performance of Nezha is the best among all existing
distributed graph processing systems as it not only improves the computation efficiency but
also reduces the communication costs.

e A Novel Graph-Based RDMA Communication Mechanism. We devise a novel graph-
based RDMA communication adapter in Nezha. In particular, we propose a graph-friendly
RDMA connection mode to reduce the memory usage during graph processing. Moreover, we
devise a graph-based RDMA communication protocol to reduce the communication costs in the
distributed system by improving the message buffer utilization, synchronizing the sender and
receiver threads efficiently. Besides, the above protocol is workload adaptive as it introduces a
congestion control method for various workloads.

e A Multi-Device Cooperative Execution Model. We propose a multi-device cooperative
executor in Nezha, which improves end-to-end performance via the CPU-GPU cooperative
execution solution in the distributed cluster. In addition, we further optimize the performance by
overlapping (i) PCle data movement and GPU computation costs with GPU steaming techniques,
and (ii) RDMA communication costs and CPU computation costs via a threshold-triggered
Scatter-Gather model.

e Intra- and Inter- Machine Workload Balance Method. We design an effective workload
balancer that optimizes workload distribution both within and across machines in Nezha.
Specifically, we propose an interrupt-free task stealing mechanism that utilizes the kernel bypass
advantages of one-sided RDMA READ for inter-machine workload balancing.

We conduct comprehensive experiments to verify the superiority of Nezha by comparing with
three state-of-the-art existing distributed graph processing systems. Specifically, we present the
minimum and maximum speedup of Nezha over these three competitors in Table 1 by running
four widely used graph algorithms: Breadth-First Search (BFS), Single-Source Shortest Path (SSSP),
Weakly Connected Components (WCC), and PageRank (PR) on five graph datasets. The ‘—’ indicates
the case that all other systems cannot process the large-scale graph. Nezha achieves up to 4.54X,
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Table 1. The speedup times of Nezha

| Dataset |  BFS SSSP WCC PR
friendster | 1.27~2.31X | 2.63~4.40X | 1.18~2.22X | 2.06~4.48X
un-union | 1.88~3.25X | 1.79~4.13X | 1.45~3.32X | 1.27~3.27X
rmat-53 | 2.51~4.54X | 4.21~6.24X | 2.34~4.80X | 2.89~5.99X
clubeweb12 | 2.47~3.56X | 3.94~—X | 2.31~2.86X | 3.11~4.61X
rmat-127 | 2.11~—X - 314~—X | 332~—X

6.24X, 4.80X and 5.99X speedup over them by processing BFS, SSSP, WCC and PR on tested graph
datasets, respectively.

The rest of the paper is organized as follows. We introduce the preliminaries of distributed graph
processing system in Section 2. Then, we propose the novel distributed graph processing system
Nezha in Section 3. Next, we elaborate on the detailed techniques of our RDMA communication
adapter, multi-device cooperative executor and inter-/intra-machine workload balancer of Nezha
in Sections 4, 5 and 6, respectively. We conduct experimental evaluation in Section 7 and discuss
the related work in Section 8. Finally, we conclude the paper in Section 9.

2 Preliminaries

In this section, we introduce the preliminaries of distributed graph processing system, which
includes processing procedure, computation model and execution paradigm.

Distributed Graph Processing Procedure. It consists of two steps: (i) graph partitioning and (ii)
graph computing. The graph partitioning step divides the entire large graph into small subgraphs,
and assigns them to the machines in a distributed cluster. In the graph computing step, every
machine in the distributed cluster processes the assigned subgraph and communicates with others
to synchronize the intermediate results. As discussed in the Introduction, partitioning the graph
alone is insufficient to achieve optimal performance in a distributed graph processing system [36].
In this work, we focus on the graph computing step, which is orthogonal to graph partitioning
solutions. We next elaborate the computation model in distributed graph processing system.

Distributed Computation Model. It abstracts the algorithmic logic of graph processing algo-
rithms and provides simple and effective interfaces for end-users. The Scatter-Gather computation
model [50] is widely used in existing distributed graph processing systems [46, 50, 67]. In particular,
the Scatter propagates the state of updated vertices from the local machine to other machines,
while the Gather updates vertex states based on the received messages. Many graph processing
algorithms can be easily implemented using the Scatter-Gather computation model in distributed
graph processing systems [19].

Execution Paradigm. The execution paradigms of existing graph processing systems can be
classified into three categories by considering their execution units: (i) vertex-centric [5, 13, 16, 17,
31, 56, 58, 60, 63, 71], (ii) edge-centric [24, 41], and (iii) subgraph-centric [10, 48, 53, 61, 68].

3 Our Proposal Nezha

In this section, we introduce Nezha, a novel distributed graph processing system designed to provide
excellent graph processing performance on distributed machines with heterogeneous hardware (i.e.,
CPU, GPU, and RDMA). We present the system overview of Nezha in Section 3.1, and introduce its
major programming interfaces in Section 3.2.
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3.1 System Overview of Nezha

Figure 1 depicts the overview of our proposed Nezha. In particular, we adapt the graph partitioning
method from Gemini [71] to distribute the subgraphs across machines in a cluster. For graph
computing, Nezha utilizes Scatter-Gather computation model and the vertex-centric paradigm by
following existing distributed graph processing systems [31, 43, 50]. The excellent distributed graph
processing performance offered by Nezha owes to three key components in it.

¢ RDMA Communication Adapter. We introduce a new graph-based RDMA communication
protocol in Nezha, which controls the send buffer and the receive buffer of each thread and
manages the communication across machines in a graph-friendly manner.

e Multi-device Cooperative Executor. To improve the utilization of heterogeneous hardware
(e.g., CPU, GPU, and RDMA) in the distributed cluster, we propose a multi-device cooperative
execution model in Nezha, which accelerates the graph processing by fully utilizing the compu-
tational power of the CPU and GPU processors and significantly overlapping the computation
costs and communication costs during distributed graph processing.

e Intra- and Inter- Machine Workload Balancer. To alleviate the impact of workload imbalance
on the distributed graph processing system, we devise an intra- and inter- machine workload bal-
ance scheme in Nezha, which balances the workload among the distributed machines efficiently
and effectively.

In subsequence, for each component in Nezha, we will first introduce the limitations of existing
techniques, then present our proposed solution and highlight its technical contributions.

3.2 Programming Interface of Nezha

Nezha utilizes the Scatter-Gather model [50] as in existing studies [31, 43, 50], which is easy to

implement various graph processing algorithms by the three key programming interfaces.

e sendMessage: It packages the vertex ID and vertex state into a message and sends it to the target
machine. It automatically determines the target machine of the vertex via the graph partitioning
solution.
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Algorithm 1: BFS Implementation on Nezha

1 L « {+c0,+00, 400, ..., +0}; // A set for vertex level
2 L[root] « 0;// Set root level to zero

3 Acurr < root;

4 Scatter(source, dest) begin

5 level « L[source.id] +1;

6 if L[dest.id] > level then

7 L sendMessage(dest.id, Ldest.id]) ;

8 Gather(msgs) begin

9 foreach msg in msgs do

10 if L[msg.id] > msg.state then
11 L{msg.id] « msg.state ;
12 L Anext < Anext U msg.id ;

13 BFS begin
14 while A, # 0 do

15 Apext — 0;
16 Apext < processEdge (Acyrr, Scatter, Gather);
17 Acurr < Anexts

e processEdge: It applies the algorithm-specific Scatter function to those edges whose source
vertices are in the active vertex set, and applies the algorithm-specific Gather function to update
the vertex state with the received messages. It returns an updated vertex set for the next iteration
during graph processing.

e processVertex: Similar to processEdge, it applies the algorithm-specific vertex updating function
to all vertices in the active set, and returns an updated vertex set for the next iteration.

We next demonstrate the ease-of-use property of Nezha by implementing Breadth First Search
(BFS) algorithm via these programming interfaces. The pseudocode of BFS is illustrated in Algo-
rithm 1. In the first three lines, a set L is used to store the level of all vertices, where the level of the
root vertex is initialized to 0 and the others are set to +o00. The active set A, includes all active
vertices in this iteration. The new active vertices will be stored in A.x;, which will be used in
the next iteration. It iteratively invokes processEdge until the levels between every vertex to the
root are computed. The Scatter (Lines 4-7) propagates the updated value of the destination vertex
via the sendMessage interface when needed (Lines 6-7). The Gather updates the vertex state with
the received messages (Lines 8-12), and if the vertex state is updated in the received messages, it
will be activated in the next iteration. As we will show in experimental evaluation, other graph
algorithms can also be implemented easily on Nezha via the three provided programming interfaces.
For example, processVertex will be used in the PageRank to update the vertex states accordingly.

In order to cooperatively process the graph algorithms in both CPUs and GPUs in Nezha, we
need to provide both CPU and GPU implementations for algorithm-specific computation functions,
e.g., Scatter in Algorithm 1. However, implementing the GPU version of these functions is trivial as
it shares the same algorithmic logic with its CPU version and only needs to introduce GPU-specific
operations (e.g., atomic operators).
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4 Graph-based RDMA Communication Adapter

In a distributed system, it is crucial to offer an efficient communication mechanism among the
machines in a cluster. To achieve this, we propose a novel graph-based RDMA communication
adapter in this section. Specifically, we first introduce the RDMA connection mode in Section 4.1,
then elaborate on the research challenges to build an efficient RDMA communication adapter in
Section 4.2, and finally devise the graph-friendly RDMA communication mechanism in Section 4.3.

4.1 RDMA Communication Mode

We first introduce the basic concepts of RDMA and then present the RDMA connection modes
used in existing distributed systems.

RDMA Network. The RDMA-connected machines communicate with others via queue pairs (QPs).
Each QP consists of a send queue and a receive queue. When an application initiates an RDMA
operation to send or receive data, it will post a work queue element (WQE) to the send queue or the
receive queue using RDMA verbs. In particular, RDMA network interface card (RNIC) provides two
types of verbs: one-sided verbs and two-sided verbs. RDMA READ and RDMA WRITE are one-sided
verbs, which access the remote memory without involving the remote CPU. RDMA SEND and RDMA
RECEIVE are two-sided verbs, which are similar to traditional Linux sockets. Existing studies have
shown that one-sided operations are more efficient and scalable than two-sided operations [4, 9, 51].

RDMA Connection Modes in Distributed System. RDMA offers three transport types: Reliable
Connected (RC), Unreliable Connected (UC), and Unreliable Datagram (UD). RC is the most widely
used transport type in various distributed systems [9, 58] because it is reliable and supports all
one-sided verbs. However, it requires one-to-one connections between QPs. We next introduce two
widely used RDMA connection modes for the RC.

Full-mesh connection: It is the most straightforward connection mode in RDMA, and it has
been used in various distributed systems, such as the RDMA-based MXNet framework [26]. In
particular, each pair of threads on two machines creates a QP connection so that any thread in a
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machine can independently communicate with every thread in the other machine, see Figure 2(a).
The kernel-bypass property of RDMA requires sufficient memory to be registered for each QP
connection. Therefore, the required RDMA memory for each machine depends on the number of
QP connections it has. In full-mesh connection mode, the number of QP connections is (M —1) x T2,
where M is the number of machines in a distributed cluster and T is the number of threads in each
machine. Obviously, the full-mesh connection mode incurs a large amount of memory consumption.
For example, suppose a cluster has 6 machines and each machine has 10 threads, it consumes
62.5 GB of memory for RDMA in each machine if a QP connection allocates a 128MB memory
buffer. Moreover, RNIC faces the cache thrashing problem [20] with the increasing number of QP
connections as they cache various types of information, e.g., connection-related states.

Dispatcher-based connection: To overcome the limitations of full-mesh connection mode,
dispatcher-based connection mode [58] has been proposed, see Figure 2(b). Specifically, it in-
troduces one or more communication dispatcher(s) to manage the communication requests from all
threads on the same machine. Compared to full-mesh connection, the number of QP connections
is reduced to (M — 1) x D?, where M is the number of machines, and D is the number of dis-
patchers per machine. It significantly reduces the number of QP connections, since the number of
dispatchers is much smaller than the number of threads in each machine. However, the dispatchers
in each machine can become performance bottlenecks due to severe concurrency contention in
communication-intensive applications [72].

4.2 Research Challenges

With the above analysis of existing RDMA connection modes, we then highlight the research
challenges to build an efficient RDMA communication adapter in Nezha.

C4.1: Effective RDMA Connection Mode. Since the full-mesh connection incurs significant
memory consumption and cache thrashing issues, and the dispatcher-based connection introduces
extra CPU overhead from using dispatchers. Thus, the first research challenge is to devise an
effective RDMA connection mode that ensures high memory efficiency for graph-based RDMA
communication adapter.

C4.2: Efficient Communication Protocol for Graph Processing. The memory consumption of
graph processing is inherently high. For example, running PageRank [54] with 1.3GB graph data on
GraphX [14] and Spark [65] uses 12GB and 16GB memory heap, respectively. The distributed graph
processing system [71] uses the maximum pre-allocated memory to avoid buffer overflow. Thus,
how to design a graph-based communication protocol that achieves excellent memory utilization
is the second research challenge for graph-based RDMA communication adapter.
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4.3 Communication Mechanism in Nezha

In this section, we introduce the RDMA communication adapter in Nezha, which addresses the
above two challenges.

The Proposed Connection Mode in Nezha. The full-mesh connection enables independent
communication among threads on different machines, which is useful for thread-oriented tasks. For
example, each thread in one machine wants to communicate with any thread in other machines.
However, distributed graph processing is machine-oriented where the graph data is partitioned
across different machines, and the intermediate results only need to be synchronized at the machine-
level. Returning to the BFS example in Algorithm 1, it only needs to guarantee that the updating
messages are correctly sent to the corresponding machines and the new messages are updated on
the local machine.

With the above useful observation, we propose the RAMA connection mode in Nezha, as shown
in Figure 3. The principle of the connection establishment in Nezha is to minimize the number of QP
connections while guaranteeing each thread can send messages to all other machines independently.
We achieve this by connecting threads with the same ID across all machine pairs. This reduces
the number of QP connections to (M — 1) X T in each machine. For example, the number of
QP connections will be 50 if there are 6 machines in a cluster and each machine has 10 threads.
Obviously, the dedicated memory required by this connection mode will be less than the full-mesh
connection. Moreover, it is better than the dispatcher-based connection since it does not require a
dedicated thread for communication.

With the proposed connection mode, the RDMA communication protocol can be easily imple-
mented as follows: (1) each thread initializes sufficient send and receive buffers; (2) each thread
transmits basic connection information to the corresponding threads on other machines to establish
connections; and (3) RDMA one-sided verbs, i.e., RDMA WRITE and READ, are invoked to send and
receive messages in the distributed cluster.

Graph-based RDMA Communication Protocol. To further improve the RDMA communica-
tion efficiency for distributed graph processing in Nezha, we design a novel graph-based RDMA
communication protocol based on the proposed RDMA connection mode.

For each QP connection, a message buffer needs to be allocated in memory on both the sender
and receiver machines to store the communicating messages. There are three existing buffer man-
agement methods: (i) dynamic buffer allocation [25], (ii) persistent buffer association [9, 28, 58, 59],
and (iii) hybrid method [30]. Due to the frequent buffer allocation and deallocation, methods (i)
and (iii) introduce significant overhead [11]. Therefore, our proposed communication protocol is
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Table 2. Summary of our proposed communication protocol

Memory | Synchroniz- | Workload-
Protocol . . .
Efficiency | ation Cost adaptive
Persistent Buffer Association Low Expensive No
Our graph-based protocol High Cheap Yes

based on persistent buffer association. However, there are three major limitations when directly
adapting persistent buffer association in the graph-based RDMA communication adapter. Firstly, its
memory usage is inefficient since it lacks an efficient reuse strategy. Secondly, the synchronization
between the receiver and sender is expensive, e.g., using auxiliary verbs for timely or periodic
synchronization. Last but not least, the communication requirements vary significantly among dif-
ferent machines in distributed graph processing. Therefore, adaptive adjustment of communication
frequency is necessary. However, existing synchronization schemes do not support this.

To overcome these limitations, we propose a graph-based RDMA communication protocol in
Nezha. In particular, two fixed-size message buffers are pre-allocated for the sender and receiver
of each QP connection in Nezha, and both buffers are organized as rings to enable more efficient
memory usage. As shown in Figure 4(a) and 4(c), the send ring buffer has three pointers, i.e., Send
Head pointer, Send Tail pointer, and Clear pointer. In particular, the Send Head points to the address
of the message in the send buffer which will be sent to the receiver (e.g., Msg 3 and Msg 4). The
Send Tail shows the address of the send buffer which will be written for the next message. The
special-designed Clear pointer is used to synchronize the processing progress between the sender
and receiver, which can be used to improve the memory utilization of the ring buffer. If the Send
Tail pointer is close to Clear pointer, it indicates that the send buffer is almost full. We use two
pointers to manage the receive buffer, i.e., Recv Head and Recv Tail. The Recv Head points to the
position of the last message that has been fully processed, its address will be synchronized to the
Clear pointer in send buffer on-demand, e.g., The Recv Head synchronizes with the send buffer
when the receiver processed a certain number of updates in the buffer, (e.g., 40% messages in the
receive buffer). The Recv Tail points to the last message that has been received but it is still waiting
for processing,.

The message format in our protocol is shown in Figure 4(b). Specifically, each message includes
four items: (i) the beginning signature, (ii) message length, (iii) payload, and (iv) the ending signature.
For efficient communication in Nezha, we pack a set of vertices in a message and send it by one
RDMA WRITE. With this format, the receiver can independently determine whether it has received
a valid message by examining the beginning and ending signatures of the message in receive buffer.

To support adaptive workload communication in distributed graph processing, we propose a
congestion control method based on the above graph-based communication protocol. Specifically,
when the Send Tail in send buffer catches up the Clear pointer, the sending process will be blocked to
avoid overwriting. To avoid this situation, the sender changes the normal signature of the message
to ‘hurried’ signature when the Send Tail is close to Clear pointer. The threshold for this ‘hurried’
signature can be configured, and we will show its effect on performance in Section 7.3.4. Once
the receiver receives a message with the ‘hurried’ signature, it will fetch and process the message
more frequently. Additionally, the ‘hurried’ signature alleviates the congestion of the send buffer
by prompting the receiver to synchronize its Recv Head with Clear pointer in the sender. We will
show the congestion control method during graph processing in Section 5. Table 2 summarizes
the advantages of our proposed graph-based communication protocol in RDMA-communication
adapter of Nezha.
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Fig. 5. Graph partition and subgraph extraction in Nezha

5 Multi-Device Cooperative Executor

Architecting an efficient multi-device cooperative executor on Nezha is still not trivial even with the
proposed RDMA communication adapter in Section 4. The core reason is that existing work does
not consider the heterogeneous CPU-GPU processors in a distributed environment. For example,
existing distributed GPU graph processing system [17] uses CPUs as a supportive role and ignore
their computation power, and existing single-machine CPU-GPU graph processing system [7]
cannot be directly adapted to a distributed cluster as it do not consider communication across
machines. In this section, we first introduce the distributed graph processing procedure on Nezha
in Section 5.1, and then we propose performance optimization techniques to build an efficient
multi-device cooperative executor in Section 5.2.

5.1 Distributed Graph Processing on Nezha

Before we introduce the distributed graph processing procedure in Nezha, we first present the
graph allocation method in a distributed cluster where each machine has heterogeneous CPU-
GPU processors. Figure 5 depicts the allocated subgraph in any two machines M; and M; of
Nezha. Nezha first partitions the graph into a set of subgraphs and assigns them to the CPU
memory on each machine by following the method used in existing distributed graph processing
systems [5, 13, 17, 21, 31, 58, 71]. Specifically, Nezha uses the same graph partitioning approach of
Gemini [71]. For example, the subgraphs G; and G; are assigned to machines M; and M, as shown
in Figure 5. Next, for every machine M;, Nezha extracts a subset of G; and moves it to the GPU
memory of this machine. We use the subgraph extraction algorithm in a single-machine CPU-GPU
co-processing system [7] as the subset of G; is loaded to the GPU once but can be utilized among
multiple iterations. The entire raw graph is stored on the disk of each machine.

We then present the distributed graph processing procedure in Nezha by running the Breadth-
First Search (BFS) algorithm on a tiny cluster with two machines. The input graph and partitioned
subgraphs are shown in Figures 6(a) and (b), respectively. Specifically, the vertex set of subgraph G,
on M; is{A, B, C, D, E, F} and the vertex set of G, on M, is{G, H, L, ], K, L, M, N, O, P}. Without loss
of generality [13], the vertices in the local machine are master vertices, while those in the remote
neighbors are mirror vertices. For example, the gray vertices {G, I, ], L, M, O} of G; in Figure 6(b)
are mirror vertices of machine M. For each machine, a subset of master vertices will be extracted
and transferred to its GPU memory, e.g., the vertices {D, E, F} of G; are transferred to its GPU, as
shown in Figure 6(b).
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Fig. 6. An illustrative example of distributed graph processing on Nezha

Next, we will present the distributed graph processing procedure on Nezha by running BFS on
graph G with starting vertex A. Tables 3(a) and (b) show the value of each vertex of subgraphs
G1 and G, on M; and M, respectively. In particular, we use a triplet [CPU, GPU, Remote] for
each vertex to maintain the value which is updated by the CPU, GPU, and remote machine. ‘0’ is
the initial value of each vertex and ‘-’ indicates that the vertex cannot be updated by the GPU or
remote machines. For example, the initial value of vertex G is [o,-,-] as it only can be updated by
the CPU in M;. However, the initial values of vertex F is [co, 0o, 00] as it can be updated by any of
the CPU, GPU in M; or remote machine. We use a single number to show the final value of that
vertex, e.g., the value of A is 0 in M as it is the root vertex, and the final value of vertex B is 1 in
machine M, and it will not be updated after the 1st iteration. The graph processing terminates
when all master vertices in every machine are not updated anymore, and the final values of them
are the result of BFS.

1st iteration. The outgoing edges of vertex A are computed by the CPU in M, thus, the CPU
values of vertex G and B are updated to 1, see red color values at 1st iteration in Table 3(a). Since G
is a mirror vertex in M, its updated value will be sent to M as G is the master vertex in it, see red
value at 1st iteration in Table 3(b). The vertex B in M; and vertex G in M are the active vertices
for the next iteration.

2nd iteration. The outgoing edges of vertex B are computed by CPU, and the values of C, D, and
E are updated to 2 in M, see 2nd iteration in Table 3(a). Meanwhile, M, updates the values of
vertices A, H, K, P and I to 2 by CPU, see 2nd iteration in Table 3(b). The updated value of A in M,
(i.e., 2) will be sent to M; since A is a mirror vertex in M,. However, it does not change the value
of A in M, as the maintained value of A is less than 2.

3rd iteration. The vertices M, I and L are updated by the CPU in My, and vertex L is updated by
the CPU in M, in this iteration. Moreover, the neighbors of D and E in M); are updated by GPU as
both D and E are in GPU memory, i.e., the GPU values of vertices F, J and M are 3 in M. Similarly,
the values of vertices N and O are updated by the GPU in Mj, which are 3 in this iteration. After
that, the updated values in the GPU will be synchronized to the CPU in the same machine. Lastly,
M sends the updated values of vertices J, M, I and L to M,.

4th iteration. Following the same procedure, vertex O is updated to 4 in M, and vertex F is
updated to 4 in M;. Both O and F will be sent to the corresponding machines, as the updates are
from the machines that have their mirror vertices. However, the values of O and F will not be
updated, as the values of their master vertices are smaller than updates.

Until now, the BFS terminates and the final values of each vertex in graph G are the value of
every master vertex in Table 3.
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Table 3. The illustration of running BFS on Nezha with root vertex A

Iterati D E F [ A] B [ C ] 6 | 1 M o I L |
eration | CPU/GPU | CPU/GPU | CPU/GPU | CPU | CPU | CPU H Mirror vertices \

[ Initialization | [co,00,-] [ [oo,00,-] | [e0,00,00] [ 0 [ [e0,5] | [eor] |[[oos] [ 00,00 [ 0,001 [00,00,] [ [e0,-] [ [eoT ]
Iteration 1 [00,00,-] [00,00,-] [00,00,00] 0 [1,--] | [o0,--] [1,--] | [00,00,-] | [00,00,-] [00,00,-] | [00,-,-] | [00,-,-]
Iteration 2 [2,00,-] [2,00,-] [00,00,00] 0 1 [2,--] 1 [00,00,-] | [00,00,-] [00,00,-] | [00,-,-] | [00,-,-]
Iteration 3 2 2 [00,3,00] 0 1 1 [00,3,-] [3,3,-]  [00,00,-] | [3:--] | [3:--]
Iteration 4 2 2 3 0 1 1 3 3 [00,4,-] 3 3

(a) The value of each vertex during each iteration in machine M;j

lteration | H | K [ N T P J M G I [ L | o | A | F |

[ CPU/GPU | CPU/GPU | CPU/GPU | CPU/GPU | CPU/GPU | CPU/GPU | CPU | CPU | CPU | CPU | Mirror vertices |

[ Initialization [ [co--] | [eo00,] [ [e0,00-] [ [eos] [ [e0500] [ [e0,00,00] [ [00,-,00] [ [e0,-,00] [ [e0,-,00] [ [00,00,00] |[ o0, | [0 |
Iteration 1 [c0.--] [oo00-] | [o0,00,] [oo--] [oo-00] | [e0,00,00] | [e0,-1] | [e0,-,00] | [00,-,00] | [00,00,00] || [00,] | [00.-.-
Iteration 2 [2,-,-] [2,00,-] [00,00,-] [2,-,-] [00,-,00] [00,00,00] 1 [2,-,00] | [00,-,00] | [00,00,00] [ [2,-,-] 00,-,-
Iteration 3 2 2 [00,3,-] 2 [00,-,3] [00,00,3] 1 2 [3,-,3] [00,3,00] 2 00,
Iteration 4 2 2 3 2 3 3 1 2 3 3 2 [4,-,-]

(b) The value of each vertex during each iteration in machine Mp

5.2 Optimizations for Cooperative Executor

With the above distributed graph processing procedure, multiple machines (each of them has CPU
and GPU processors) in the distributed cluster cooperatively execute the graph algorithm to derive
the final results on Nezha. In this section, we propose several performance optimization techniques
to improve the efficiency of the cooperative executor by overlapping PCle transfer, RDMA network
communication and CPU/GPU computation efficiently.

Returning to the graph processing example in Section 5.1, there is an active vertex set at the
beginning of each iteration. We first categorize these vertices (or the corresponding tasks) into two
types: CPU-only and CPU-GPU. We next present the designed optimizations for the processing
procedure of each type. We last demonstrate the effectiveness of our techniques by analyzing the
processing procedure of the 2nd iteration in M;.

CPU-only vertices. Most existing studies use the Scatter-Gather model to process CPU-only
vertices. In particular, studies [31, 43, 50] scatter vertex values and wait until all messages that
update the local vertices have been received on each machine. However, this approach fails to
maximize resource utilization because communication and computation can be overlapped. To
overcome this, Gemini [71] assigns the computation and communication of a task to different
threads. However, it wastes computational resources by using dedicated threads for communication
across machines. In addition, it cannot fully utilize our proposed RDMA communication adapter in
Section 4.3. Thus, we propose a threshold-triggered Scatter-Gather model for the CPU-only vertices
in Nezha, which efficiently overlaps RDMA communication and graph computation.

Threshold-triggered Scatter-Gather model in Nezha: Algorithm 2 shows the detailed design of
the threshold-triggered Scatter-Gather model in Nezha. Rather than synchronously waiting for all
messages to execute the Gather function, we asynchronously probe the messages that have been
received, and execute the Gather function with them (see Lines 7 to 9 in Algorithm 2). Specifically,
the recvThreshold (see Line 6) can be dynamically adjusted based on the received ‘hurried’ messages,
as detailed in the congestion control method in Section 4.3. It also benefits from the asynchronous
design of the RDMA communication protocol in Section 4.3. The major advantages are twofold: (i)
it is lightweight as the communication can be done on the local thread and does not trap into the
OS kernel, and (ii) it exploits the graph-based RDMA communication adapter and fully utilizes the
communication ability of RNIC for distributed graph processing.
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Algorithm 2: Scatter-Gather model for CPU-only vertex

1 count <« 0;
2 foreach vertex v in thread task queue Q do

3 foreach neighboru of v do
4 count ++;
/* Scatter sends the values of updated mirror vertices via RDMA */
5 Scatter(o,u);
/* Congestion control */
6 if count > recvThreshold then
/* Invoking recv to receive msg */
7 rdma->recv(&msgs);
/* Gather updates local vertices by the received msgs */
8 Gather(msgs);
9 count « 0;
/* Gather updates vertices by the received msg */

10 rdma->recv(&msgs);
11 Gather(msgs);

1I2I3I4I5I6I7I

Time ~

CPU |M 1{L]plE

comm. M| I [L|J
GPustream1 [J [E|F|J|F
GPU Stream 2 M| B |v||

[CJComm. [JComp. []JPCle

Fig. 7. Breakdown of 2nd iteration in M;

CPU-GPU vertices. The CPU-GPU vertices can be executed on both CPU and GPU as both CPU
memory and GPU memory have the corresponding vertices and edges, see Figure 5. Following the
existing study [7], we design a simple-yet-effective GPU invoking strategy to use GPU, i.e., the
GPU will be invoked if and only if there are sufficient CPU-GPU tasks in this iteration. Once the
GPU is invoked in an iteration, Nezha will initialize the tasks for GPU execution and synchronize
the executed results from GPU to CPU via PCle before sending the message in the Scatter function.
Existing CPU-GPU graph processing system [7] invokes GPU to execute vertices and synchronizes
the intermediate results in an iteration-based manner. This approach is not efficient as GPU
execution and PCle transfer can be overlapped to improve the graph processing performance.
Inspired by Graphreduce [45], which transfers different subgraphs of the raw graph to the GPU
during the execution by GPU streaming technique. We devise a streaming synchronization method
in Nezha to hide the PCle transfer costs.

Streaming synchronization method in Nezha: Referring to the 2nd iteration of running BFS on
Nezha in Table 3, there are two active vertices D and E in the GPU of M, and the values of their
neighbors will be computed in the GPU, i.e., the values of vertices J, E, F, M and B. We can assign
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Fig. 8. Inter-machine workload balancing method

the execution of J, E and F to stream 1, and M and B to stream 2. Then, during transferring the
updated values of J and F from the GPU to the CPU, the GPU can execute M and B simultaneously.

We use the example in Figure 7 to illustrate the overlapped RDMA communication costs,
CPU/GPU computation costs and PCle costs in machine M, during the distributed graph process-
ing in Nezha. Specifically, it shows M;’s 2nd iteration of running BFS on Nezha. For the sake of
presentation, the CPU or GPU processes exactly one vertex in each unit of time. RDMA and PCle
transfer a vertex in each unit. The message batch size is 1 and the CPU execution thread sends
the message (updated value of the vertex) immediately after execution. Besides, J, E and F are
managed by GPU stream 1 while M and B are managed by GPU stream 2. According to Figure 7,
we have two observations. Firstly, the RDMA communication costs are overlapped by the CPU
computation costs (see the first two rows in Figure 7) in Nezha. Secondly, the PCle costs are hidden
by the streaming synchronization method in M, as J and F are transferred to the CPU when M
and B are computing on the GPU.

6 Workload Balancer

With the proposed RDMA communication adapter and multi-device cooperative executor in Sec-
tions 4 and 5, we can efficiently process the graph using both CPU and GPU in a distributed cluster.
However, real-world graphs often exhibit power-law degree distribution [5, 13] and unpredictable
data access pattern, which cause serious workload imbalance issues in distributed graph processing
systems. In this section, we further improve the performance of Nezha by balancing the workload
at inter- and intra-machine levels in Sections 6.1 and 6.2, respectively. In addition, the workload
balancer in Nezha focuses on the uneven distribution of the vertex tasks in each iteration during
the processing of a specific graph algorithm, e.g., BFS or SSSP with a given root vertex.

6.1 Inter-machine Workload Balancing

We balance the workload among different machines in Nezha as the distribution of workload
across machines in a distributed cluster varies significantly. The general idea of our inter-machine
workload balance scheme is as follows. In particular, each machine initially processes the workload
of the assigned subgraph. Due to the initial workload imbalance issue in Nezha, which is caused
by the graph partition approach, the faster machine will take on a portion of the workload from
the slower machine to balance the inter-machine workload in the cluster. As depicted in Figure 8,
machine M; is the faster machine, its working thread T; invokes RDMA READ to steal a batch of
tasks (i.e., vertices) from the busy and slower machine M. The atomic operation will be used to
mark the stolen tasks to avoid repeated executions on different machines. Since each machine only
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Fig. 9. Vertex distribution strategy

stores a portion of the entire graph in memory, if the stolen tasks cannot find their corresponding
edges and vertices in local memory, they will access them from the entire graph on disk.

6.2 Intra-machine Workload Balancing

With the coarse-grained workload balancing at the inter-machine level, we next present our
approach to provide a fine-grained workload balancing at the intra-machine level in Nezha. We
elaborate on the intra-machine workload balancing scheme by considering both types of tasks, i.e.,
CPU-only and CPU-GPU.

CPU-only vertices. Inspired by existing static load balancing methods [31] and dynamic load
balancing methods [13, 35, 52, 71], the core idea of our balancing scheme is to first assign the
vertices among threads and then balances the workload by work stealing during execution. Figure 9
illustrates the vertex assignment method among CPU threads for each iteration. First, it computes
the prefix sum of degrees for these CPU-only tasks. Second, it calculates the expected number of
processed edges for each thread. For example, each thread in Figure 9 expects to execute 25 edges
(which is 100/4). Third, it uniformly assigns these vertices to different working threads based on the
prefix sum, which may split the edges of a task across different threads. For example, the first 10
edges of task 4 are assigned to thread 1, while its last 15 edges are assigned to thread 2. In addition,
the intra-machine workload balancing scheme adopts the V/E-Steal work stealing method from [7]
to balance the workload among CPU cores. In particular, it first determines a stealing order for
each thread. When a thread completes its assigned tasks, it will steal vertices or edges from other
threads following this order.

CPU-GPU vertices. The computation of CPU-GPU vertices is first assigned to each block of the
GPU. The strategy is similar to that of CPU-only vertices in Figure 9. These vertices are maintained
on the GPU, and GPU streams are bound to these vertices for computation, as shown in Section 5.2.
To balance the workload between CPU and GPU, when all CPU threads finish their computation,
they will process the CPU-GPU vertices to balance the workload between CPU and GPU, following
the on-demand allocation strategy in [7].
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Table 4. Statistics of the graph datasets
| Graph | \% | |E| | Dayg | Size
friendster 124.83M 1,806.07M | 14.56 | 15GB
un-union 133.64M 5,955.18M | 43.47 | 50GB
rmat-53 537.27M | 20,884.87M | 38.91 | 168GB

clubeweb12 | 978.41M | 42,574.11M | 43.53 | 325GB
rmat-124 1,247.33M | 58,658.68M | 47.04 | 450GB

7 Experimental Evaluation

In this section, we evaluate the performance of Nezha by conducting comprehensive experimental
studies. We introduce the experimental setting in Section 7.1, present the overall performance
evaluation results in Section 7.2, and verify the effectiveness of our proposed techniques in Nezha
in Section 7.3.

7.1 Experimental Settings

Graph Dataset. Table 4 summarizes the statistics of 5 graph datasets used during the experi-
mental evaluation, their sizes range from 15 GB to 450 GB. Three of these datasets are real-world
datasets: friendster, un-union, and clueweb12. The graphs with the prefix "rmat" are generated via
PaRMAT [22] to simulate real-world graph characteristics, such as power-law degree distribution.
We preprocess all datasets by removing duplicate edges and self-loops, following [7]. In addition,
we convert the undirected graphs into directed ones by representing each undirected edge as a pair
of directed edges.

Comparison of Distributed Graph Processing Systems. We compared Nezha with the following
three existing distributed graph processing systems. We did not compare with Gram [58], a CPU-
only distributed graph processing system with RDMA as it is not an open-source project and we
cannot get the code from the authors.

e Gemini [71]. It is a CPU-only distributed graph processing system, which is designed for modern
multi-core cluster machines.

o Lux [17]. It is a distributed multi-GPU system that achieves efficient graph processing by
exploiting locality and the aggregate memory bandwidth of GPUs.

o DRONE [68]. It is a novel CPU-only subgraph-centric distributed graph computing framework.

Evaluated Graph Algorithms. In this work, we test four representative graph algorithms: breadth-
first search (BFS), single-source shortest path (SSSP), weakly connected components (WCC), and
PageRank (PR). To provide fair comparisons, all systems use the same root vertices with a non-zero
out-degree, which are selected randomly from the vertex set. In addition, since SSSP runs on a
weighted graph, we randomly assign weights in (0, 1000] to each edge, following the setting of
the existing system [7]. For PR, we adopt the settings in Gemini, i.e., utilizing a terminal condition
with a damping factor of 0.85 and running it for 20 iterations. The reported measurements are the
average results of running the corresponding algorithm 10 times.

Implementation and Hardware Configurations. Nezha is implemented with more than 18,000
lines of C++ and CUDA code. To compile the code, we used GCC version 11.4.0 for C++ code and
NVCC version 12.3 for CUDA code. All code is compiled on Ubuntu 18.04 with O3-level optimization.
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Table 5. Execution time (in seconds) of compared systems

| Alg. | Graph | Gemini | Lux | DRONE | Nezha | Speedup |
friendster 4.69 3.12 5.67 245 | >21.27X
un-union 6.54 7.01 11.27 3.47 > 1.88X
BES rmat-53 76.08 137.70 92.06 30.31 > 2.51X
clubeweb12 | 178.63 — 257.43 72.39 > 247X
rmat-127 473.62 — — 22445 | > 2.11X
friendster 23.23 17.47 29.21 6.64 | > 2.63X
un-union 9.86 8.13 18.73 4.53 > 1.79X
SSSP | rmat-53 194.53 — 288.154 46.20 > 4.21X
clubeweb12 | 478.21 — — 121.38 | > 3.94X
rmat-127 — — — 286.05 —
friendster 22.75 14.75 12.13 10.27 > 1.18X
un-union 20.00 12.45 8.73 6.02 > 1.45X
WCC | rmat-53 204.75 131.57 99.85 42.67 > 2.34X
clubeweb12 | 195.10 — 157.63 68.12 | > 2.31X
rmat-127 577.63 — — 183.96 | > 3.14X
friendster 92.31 58.91 127.63 28.51 > 2.06X
un-union 8.47 10.25 21.73 6.65 > 1.27X
PR rmat-53 980.47 543.32 | 1127.35 | 188.00 | > 2.89X
clubeweb12 | 1122.92 — 1663.78 | 361.06 | > 3.11X
rmat-127 3026.24 — — 910.51 | > 3.32X

All experiments are conducted on a cluster which has 6 machines. In particular, each machine
includes a 10-core Intel(R) Xeon(R) Silver 4210 CPU, 128 GB of DRAM, an NVIDIA Tesla T4 GPU
with 2560 CUDA cores and 16GB of GDDRS5 global memory, along with a Mellanox ConnectX-3 56
Gbps InfiniBand NIC connected via PCIe 3.0 x8 to a Mellanox IB Switch.

7.2 Overall Performance Evaluation

Table 5 presents the end-to-end processing time of all evaluated graph systems when running 4
different algorithms on 5 graph datasets. The “Speedup” column shows the speedup factor of Nezha
over the fastest existing system in each case. Firstly, there is no doubt that Nezha performs the best
among all compared systems. This benefit comes from the efficient RDMA communication adapter
introduced in Section 4, the effective multi-device cooperative executor introduced in Section 5,
and the effective workload balancer introduced in Section 6. Secondly, Lux encounters runtime
errors during graph processing when dealing with large graphs, such as those larger than rmat-53,
as indicated by the “—” values in Table 5. These errors occur because the data size exceeds the
GPU memory capacity. DRONE fails to process the largest dataset rmat-127 for all algorithms, and
clubeweb12 for SSSP because the consumed memory exceeds the CPU memory capacity during
execution. Gemini cannot process the largest dataset rmat-127 for the SSSP algorithm because its
memory usage is at least twice that of the original graph size to support its propagation model.
However, our system Nezha returns correct results for all tested graphs, which also confirms the
ability of Nezha to process large-scale graphs.
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7.3 Effectiveness Study on Nezha

We verify the effectiveness of the proposed techniques (e.g., communication mechanism, congestion
control method) in this section.

7.3.1 Effect of the Number of Machines in a Cluster. We first investigate how the performance
of every evaluated system is affected by varying the number of machines. We conduct these
experiments by executing the SSSP and PR algorithms on two datasets: a small graph, friendster,
and a larger graph, rmat-53. The tested cluster sizes range from 3 to 6. Figure 10 illustrates the
execution time of all compared systems with different number of machines.

Firstly, it is obvious that Nezha performs the best among the compared distributed systems in all
cases. Secondly, the performance of all CPU-only distributed systems improves as the number of
machines increases for the large graph rmat-53. The reason is that the computation power scales
as the number of machines increases. However, Lux becomes slower as the number of machines
increases because the overhead of initiating an additional GPU outweighs the benefits gained
when processing the small graph friendster. Nezha mitigates such degradation by efficiently co-
operating CPU and GPU, as introduced in Section 5. Thirdly, as shown by the missing data points
in Figure 10(c) and Figure 10(d) shown, Lux cannot return the result of the large graph rmat-53
when the number of machines is insufficient. The reason is GPU memory size is limited and cannot
process the large graph in Lux. Nevertheless, Nezha and Lux outperform Gemini and DRONE
among the tested cases where all compared systems could return correct results, which confirms
that the high bandwidth of GPUs can be used to accelerate the performance of graph processing.
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Table 6. Execution time (in seconds) of different RDMA communication methods

’ Algorithm \ Graph \ Nezha-Wu \ Nezha \ Speedup ‘
friendster 8.43 6.64 1.27X
uk-union 5.03 4.53 1.11X

SSSP rmat-53 63.76 46.20 1.38X
clubeweb12 152.93 121.38 1.26X
rmat-128 — 286.05 —
friendster 37.35 2851 1.31X
uk-union 7.62 6.65 1.15X

PR rmat-53 266.96 188.00 1.42X
clubeweb12 487.431 361.06 1.35X
rmat-128 1283.11 910.51 1.41X

Table 7. Execution time (in seconds) w.r.t congestion control

Algorithm ‘ Graph \ Nezha-DCC \ Nezha \ Speedup ‘
friendster 6.50 6.64 0.98X
uk-union 453 4.53 1.00X

SSSP rmat-53 54.90 46.20 1.19X
clubeweb12 128.66 121.38 1.06X
rmat-128 331.82 286.05 1.16X
friendster 30.12 28.51 1.06X
uk-union 6.89 6.65 1.04X

PR rmat-53 223.72 188.00 1.19X
clubeweb12 411.61 361.06 1.14X
rmat-128 1065.29 910.51 1.17X

7.3.2  Effect of RDMA Communication Mechanism. In this section, we demonstrate the effect
of our RDMA communication mechanism by comparing it with that the method proposed in
Wukong+G [62], which is an RDMA-based distributed RDF query system. We evaluate the RDMA
communication techniques of Wukong+G by replacing the communication component in Nezha
with it, and we measure the end-to-end execution time for SSSP and PR across all five graph
datasets.

Table 6 shows the evaluated results of two system configurations, where Nezha-Wu integrates
Nezha with the RDMA communication method of Wukong+G. Firstly, we observe that Nezha
consistently outperforms Nezha-Wu across all settings. The major reason is that the RDMA com-
munication protocol of Nezha is optimized by considering the properties of distributed graph
processing (see Section 4.3). Secondly, Nezha-Wu fails to process SSSP on rmat-128 due to excessive
memory consumption (see ‘—’ in Table 6). In particular, Nezha-Wu consumes 16 GB of memory on
each machine for RDMA communication, while Nezha consumes only 1GB as Nezha is equipped
with a graph-based RDMA communication adapter, which uses less memory for the new connection
mode and achieves high memory buffer utilization.

Effect of Congestion Control Method. Table 7 shows the execution time of Nezha with and with-
out the congestion control method, where "Nezha-DCC" indicates Nezha with disabled congestion
control method as described in Section 4.3. First of all, Nezha performs better than Nezha-DCC,
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Table 8. Execution time (in seconds) w.r.t inter-machine load balancing method

’ Algorithm \ Graph \ Nezha-DILB \ Nezha \ Speedup ‘
friendster 7.37 6.64 1.11X
uk-union 4.71 4.53 1.04X

SSSP rmat-53 55.90 46.20 1.21X
clubeweb12 145.656 121.38 1.20X
rmat-128 397.61 286.05 1.39X
friendster 37.35 28.51 1.03X
uk-union 6.45 6.65 0.97X

PR rmat-53 231.24 188.00 1.23X
clubeweb12 33.272 361.06 1.20X
rmat-128 1192.77 910.51 1.31X

57:21

Table 9. Execution time and cache miss ratio of intra-machine workload balancing methods

Alg. | Graph V/E-Steal Nezha method
time | cache miss [ time [ cache miss

friendster 10.81 29.11% 6.64 12.37%
uk-union 6.38 19.87% 4.53 11.25%

SSSP | rmat-53 75.77 30.08% 46.20 12.38%
clubeweb12 | 189.42 26.38% 121.38 11.73%
rmat128 486.02 34.28% 291.03 13.89%
friendster 44.19 27.11% 28.51 10.66%
uk-union 8.45 17.87% 6.65 9.11%

PR rmat-53 29141 34.08% 188.00 10.74%
clubeweb12 | 483.82 21.38% 361.06 10.73%
rmat128 1432.18 31.28% 910.51 12.47%

which confirms the effectiveness of the congestion control method in the RDMA communication
adapter. In addition, the performance gap between Nezha-DCC and Nezha becomes evident when
the processing graph is synthetic, i.e., rmat-53 or rmat-128, as the synthetic graphs exhibit the
power-law distribution and incur irregular communication patterns.

7.3.3  Effect of Workoad Balancer. We evaluate the effectiveness of the workload balancer in Nezha
in two ways: (i) inter-machine level and (ii) intra-machine level.

Effect of Inter-machine Workload Balancing Method. In this experiment, we compare the
overall execution time of Nezha with and without the inter-machine workload balancing method
by running SSSP and PR on five datasets. Table 8 shows the execution time and the speedup
achieved by the inter-machine workload balancing method, where "Nezha-DILB" is disabling the
inter-machine workload balancing method in Nezha. Nezha outperforms Nezha-DILB in all tested
cases. This improvement is due to the better utilization of computational resources by stealing
tasks from slower machines to faster ones during the execution.

Effect of Intra-machine Workload Balancing Method. We compare our intra-machine work-
load balancing method in Nezha with the V/E-Steal method in CGgraph [7]. In particular, our
method in Nezha first uniformly assigns tasks to CPU threads, then employs the V/E-Steal method
to adjust the workload dynamically. We measure the execution time and cache miss ratio of our
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Table 10. Execution time (in seconds) by varying batch size
| Alg. | Graph | 16 | 32 [ 64 | 128 | 256 [ 512 |
friendster 7.0 6.8 6.9 6.6 6.9 7.1
uk-union 4.3 4.3 4.2 4.53 5.2 5.6
SSSP | rmat-53 60.2 | 53.5 | 50.1 | 46.2 | 57.2 | 574

clubeweb12 | 131.2 | 124.8 | 125.5 | 121.3 | 129.6 | 135.4
rmat-128 315.8 | 311.5 | 291.0 | 286.0 | 279.5 | 298.7

friendster 32.17 | 31.22 | 29.15 | 28.51 | 27.89 | 28.24
uk-union 6.9 6.9 7.0 6.7 6.8 7.0

PR | rmat-53 195.4 | 189.5 | 193.1 | 188.0 | 196.7 | 197.2
clubeweb12 | 374.5 | 371.6 | 367.4 | 361.1 | 354.3 | 381.3
rmat-128 930.2 | 923.5 | 917.5 | 910.5 | 913.3 | 927.6

proposed method and the V/E-Steal method by running SSSP and PR on five datasets. Obviously,
our workload balancing method outperforms V/E-Steal on both cache ratio and execution time, as
shown in Table 9. The core reason is that uniformly assigning the edges at the beginning of each
iteration reduces the overhead for each thread to steal tasks from overloaded threads.

7.3.4  Effect of Design Choices In this section, we evaluate the effect of different design choices
(i.e., message batch size, “hurried” threshold) on the end-to-end performance of Nezha.

Message Batch Size. Table 10 illustrates the execution time of the SSSP and PR algorithms on
five graph datasets. The message batch size varies from 16 to 512. We observe that as the batch
size increases, the execution time decreases first and then increases later. The reason is that the
overhead of sending many small messages is too large when the batch size is small, while it wastes
bandwidth when the batch size is large as a message will not be sent until the batch is full. Hence,
we set the batch size of Nezha to 128 by default, as it performs best in most test cases.

The “hurried” Threshold. Referring to Section 4.3, when the messages between the Clear pointer
and the Send Tail pointer occupy too large space, the subsequent messages will be marked as
‘hurried’. To illustrate its effect and to determine the appropriate threshold, we run the SSSP and
PR algorithms on five graph datasets by varying the hurried threshold from 50% to 90% of the send
buffer capacity. The experimental results are shown in Table 11. Obviously, too small or too large
hurried threshold value is not optimal as a small threshold leads to frequent updates of the Clear
pointer via RDMA communication, while a large threshold causes delayed notification, resulting in
the sender is being blocked. Hence, we set the hurried threshold to 80% by default.

In addition, the default settings of message buffer size and the “hurried” threshold in Nezha can
be determined by the users based on internal testing for their specific graph applications.

8 Related Work

In this section, we review the most relevant studies related to Nezha from three aspects: graph
processing systems, RDMA-based systems, and communication optimization techniques.

Graph Processing Systems. Table 12 provides a brief summary of representative existing graph
processing systems. In particular, we categorize them based on whether they are distributed systems,
the processors they use, and the communication networks they employ.

Single-machine CPU-based: Single-machine CPU-based graph processing systems [34, 47, 67]
optimize the CPU utilization for processing graphs that can fit into the CPU main memory. Ligra [47]
presents a lightweight framework that employs a dual update propagation model. Galois [34] follows
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Table 11. Execution time (in seconds) by varying ‘hurried’ threshold

[ Alg. | Graph | 50% | 60% [ 70% | 80% [ 90% |
friendster 6.84 | 6.81 6.83 6.64 6.69
uk-union 4.53 452 4.51 4.53 4.53
SSSP | rmat-53 55.24 | 50.29 | 48.37 | 46.20 | 46.21
clubeweb12 | 128.56 | 122.88 | 122.74 | 121.38 | 122.00
rmat128 312.45 | 310.86 | 297.66 | 286.05 | 291.01

friendster 29.13 28.01 28.50 28.51 29.13
uk-union 6.11 6.64 6.64 6.65 6.72

PR rmat-53 220.42 | 204.53 | 195.33 | 188.00 | 192.45
clubeweb12 | 382.59 | 380.55 | 367.67 | 361.06 | 374.25
rmat128 993.01 | 935.78 | 921.51 | 910.51 | 933.27

an asynchronous graph processing mode and enables lock-free computation, leading to efficient
parallelism and reduced synchronization overhead.

Single-machine GPU-based: With the advancement of General-Purpose Computing on Graphics
Processing Units (GPGPU), GPUs are increasingly leveraged for high-performance graph processing
due to their data-parallel capabilities. Single-GPU graph processing systems [23, 57] utilize the
GPU to process graph data efficiently. Cusha [23] optimizes the graph representation for efficient
GPU resource utilization. Gunrock [57] introduces a frontier-based model to balance the workload
among GPU threads. Single-node multi-GPU systems [3, 37, 70] leverage multiple GPUs in a single
node to cooperatively process graph data. Different GPUs communicate via PCle in these systems.
For example, Groute [3] implements a GPU-based asynchronous execution and communication
approach in an 8-GPU machine.

Single-machine CPU-GPU-based: In recent years, several graph systems utilize both CPU
and GPU for efficient graph processing. For example, LargeGraph [69] partitions graph data into
frequent paths for GPU execution and infrequent paths for CPU execution. CGgraph [7] implements
an on-demand task allocation mechanism to ensure balanced workload distribution between the
CPU and GPU. These systems confirm that well-designed CPU-GPU collaborative processing can
significantly improve performance by fully utilizing the computational power of both processors.

Distributed-cluster CPU-based: With the growth of the graph size, several distributed graph
systems have been proposed in both academia and industry. Gemini [71] introduces a chunk-
based partitioning strategy that enables low-overhead scaling and employs a fine-grained work-
stealing approach to maintain workload balance. DRONE [68] adopts a subgraph-centric model for
processing in distributed clusters. GraM [58] utilizes a message-passing mechanism, derived from
FaRM [9], designed for efficient transaction processing with RDMA. Lux [17] accelerates graph
processing by taking advantage of memory hierarchy locality in multi-GPU clusters.

In this work, we propose Nezha, which differs from existing system as it is the first system that
leverages both CPU and GPU for graph processing in a distributed cluster (see Table 12).

RDMA-based Systems. With the rapid development of Remote Direct Memory Access (RDMA),
many systems employ RDMA to accelerate the communication costs [18] in various domains.
However, RDMA is a lower-level interface that requires workload-specific design to achieve good
performance [20, 72]. Thus, many systems propose their designs to utilize RDMA properly. For
example, FaRM [9] introduces an RDMA communication stack for efficient transaction processing,
which utilizes versioned objects and locks to ensure data consistency. GraM [9] employs the
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Table 12. Existing representative graph processing systems

System [ Platform | Processor | Network
Ligra [46] Single CPU -
Galois [34] Single CPU -
Cusha [23] Single GPU -
Groute [3] Single GPU -

Largegraph [69] Single CPU-GPU -
CGgraph [7] Single CPU-GPU -
Powergraph [13] | Distributed CPU TCP/IP
Gemini [71] Distributed CPU TCP/IP
DRONE [68] Distributed CPU TCP/IP
GraM [58] Distributed CPU RDMA
| Lux[17] [ Distributed [ GPU [ TCP/IP |

| OurNezha | Distributed [ CPU-GPU | RDMA |

message-passing mechanism of FaRM to enhance efficiency and scalability in distributed graph
processing. Wukong+G [62] uses RDMA to accelerate its Resource Description Framework(RDF).
Moreover, RDMA has been used in various applications in distributed environment, e.g., distributed
joins [2], RDMA-based shuffle operations [27], and indexes implementations [73].

In this work, Nezha utilizes RDMA for distributed graph processing. However, the proposed
RDMA techniques in the aforementioned works cannot be directly adapted in Nezha to achieve
good performance, as they do not consider the characteristics of distributed graph processing. On
the contrary, we propose a graph-based RDMA communication adapter for Nezha in this work.

Communication Optimizations. The communication costs of distributed systems can be im-
proved by optimizing either communication messages [31, 40, 44] or communication mecha-
nisms [71]. However, these proposed techniques are not sufficient for Nezha.

9 Conclusion

In this work, we propose Nezha, an efficient distributed graph processing system on heterogeneous
hardware (i.e., CPU, GPU, and RDMA). We first propose an RDMA communication adapter for
efficient communication during distributed graph processing. Then, we introduce a multi-device
cooperative executor, which enables graph processing across multiple machines, each equipped with
the CPU and GPU. This executor efficiently overlaps computation time, PCle transfers, and network
communication. Next, we propose a workload balancer to further enhance overall performance by
balancing the workload both within and across machines. We conduct extensive experiments with
Nezha to demonstrate its superiority over existing systems. There are two promising directions for
future work: (i) extending Nezha to process more complex graph analysis applications (e.g., pattern
matching); and (ii) adapting the proposed techniques (e.g., RDMA connection mode/communication
protocol) in Nezha to other distributed systems.
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