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ABSTRACT

In GPU clusters, high GPU utilization and efficient commu-
nication play an important role in the performance of the
MPT applications. To improve the GPU utilization, NVIDIA
has introduced the Multi Process Service (MPS), eliminat-
ing the context-switching overhead among processes access-
ing the GPU and allowing multiple intranode processes to
further overlap their CUDA tasks on the GPU and poten-
tially share its resources through the Hyper-Q feature. Prior
to MPS, Hyper-Q could only provide such resource sharing
within a single process. In this paper, we evaluate the effect
of the MPS service on the GPU communications with the
focus on CUDA IPC and host-staged copies. We provide evi-
dence that utilizing the MPS service is beneficial on multiple
interprocess communications using these copy types. How-
ever, we show that efficient design decisions are required to
further harness the potential of this service. To this aim,
we propose a Static algorithm and Dynamic algorithm that
can be applied to various intranode MPI collective oper-
ations, and as a test case we provide the results for the
MPI_Allreduce operation. Both approaches, while following
different algorithms, use a combination of the host-staged
and CUDA IPC copies for the interprocess communications
of their collective designs. By selecting the right number and
type of the copies, our algorithms are capable of efficiently
leveraging the MPS and Hyper-Q feature and provide im-
provement over MVAPICH2 and MVAPICH2-GDR for most
of the medium and all of the large messages. Our results
suggest that the Dynamic algorithm is comparable with the
Static algorithm, while is independent of any tuning table
and thus can be portable across platforms.
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1. INTRODUCTION

The node architecture of modern High-Performance Com-
puting (HPC) clusters consists of multicore processors and
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accelerators/co-processors. GPUs, among other accelera-
tors, have shown to be a promising candidate in improving
the performance per watt of the HPC clusters [9].

Message Passing Interface (MPI) [3] is the de-facto stan-
dard for parallel programming in clusters. GPU commu-
nication and underutilization are considered as two of the
major bottlenecks in GPU clusters. To address the commu-
nication bottleneck, researchers have started incorporating
GPU-awareness for MPI point-to-point and collective oper-
ations [2, 7, 8]. However, to the best of our knowledge, no
work has considered the effect of improving GPU utilization
on communication. In this paper, we consider the afore-
mentioned bottlenecks and propose efficient design alterna-
tives for intranode MPI collective operations with data in the
GPU memory. Previously proposed GPU-aware collectives
are either designed to stage the data into the host buffer, per-
forming the collective operation, and potentially pipelining
the communications [8], or use CUDA IPC [5] copy to gather
the pertinent data into a GPU shared buffer for a follow-up
reduction operation [2]. However, when multiple processes
are sharing a single GPU, leveraging host-to-device/device-
to-host or IPC copies would incur high context switching
overhead which lowers the chance of different copy types
to overlap with each other; in addition, the same copy types
cannot share the copy bandwidth with each other. This is as-
sociated with the fact that NVIDIA GPUs use a Time-Sliced
Scheduler which only allows a single process to take over
the GPU resources and place its CUDA requests. There-
fore, communications from different processes to the GPU
compute and memory engines on a single GPU will be se-
rialized. In this regard, NVIDIA has recently introduced a
Multi Process Service (MPS) [6], which eliminates the con-
text switching overhead and allows intranode processes to
share intranode GPU resources concurrently. However, the
effect of the MPS service on the GPU communication has
not been considered and analyzed yet. Taking this into ac-
count, this paper makes the following key contributions:

eWe present the effect of the MPS on intra-node point-
to-point using the IPC and the host-staged copy types. We
show, not only does the MPS benefit these copy types, it can
potentially provide further improvement on a combination
of them. We also show that the most efficient combination
of these types varies across different message sizes.

eWe propose a Static and a Dynamic algorithm for in-
tranode MPI_Allreduce. Both designs are tuned to exploit
the MPS and use a combination of different copy types to
perform their collective. The Static algorithm decides the
number and type of the copy for interprocess communica-



tions based on a tuning table that is provided prior to the
runtime. While the Dynamic algorithm chooses the number
and type of the copy based on the runtime information.

Our proposed algorithms can be applied to all collectives.
They are designed to efficiently leverage the MPS and Hyper-
Q features. The experimental results on MPI_Allreduce
show that with the MPS service enabled, our designs out-
perform MVAPICH2 and the MVAPICH2-GDR for most of
the medium and all large messages. The rest of the paper is
organized as follows. We provide the background material
in Section 2. In Section 3, we present the motivation for this
work. In Section 4, we propose our designs. We present our
results in Section 5 and discuss the related work in Section
6. Finally, in Section 7, we make concluding remarks.

2. BACKGROUND

Intranode Interprocess GPU Communication: The
host-staged and the CUDA IPC are two data copy types that
can be used for GPU interprocess communications within a
node. The host-staged copy requires to stage the data into
an intermediate host buffer. The NVIDIA CUDA IPC copy
[5], on the other hand, can be directly performed between the
GPU address spaces of different intranode processes. The
CUDA IPC copy, however, requires a process to expose a
portion of its address space to other intranode process(es).
Having an asynchronous nature, the IPC copies would re-
quire synchronization between their involved processes to
guarantee their completion.

GPU-Aware MPI Allreduce: MPI collective opera-
tions can be implemented in a hierarchical or non-hierarchical
fashion, with the hierarchical designs going through intran-
ode and internode phases. With the availability of large mul-
ticore nodes and the ever increasing use of GPUs, the intran-
ode collectives play a crucial role in the overall performance
of the cluster-wide collective operations. MPI_Allreduce
is an example of such collective operations that is exten-
sively used in many MPI applications. MVAPICH2 and
MVAPICH2-GDR [4] are two popular implementations of
the MPI standard. MVAPICH?2 follows a general design for
most GPU collectives (including MPI_Allreduce), in which
all processes first stage their data into the host buffers, then
the collective operation is performed on them, and the result
is eventually stored into the GPU memory. MVAPICH2-
GDR is a proprietary design of the MPI standard for GPU
clusters. MVAPICH2-GDR utilizes GPUDirect RDMA for
internode and loopback/gdrcopy for intranode communica-
tions to boost the performance of the GPU point-to-point
and collective operations, specially for short messages.

3. MOTIVATION

Multi Process Service and Hyper-Q: Hyper-Q is an
NVIDIA feature that provides potential concurrency among
CUDA tasks from a single process. However, Hyper-Q by it-
self cannot provide concurrency among CUDA requests from
multiple processes to the GPU compute and memory en-
gine. In order to provide such concurrency across multiple
processes, NVIDIA has introduced the Multi Process Ser-
vice (MPS) [6] for GPUs with compute capability of 3.5 and
above. The MPS service acts as a funnel to collect CUDA
tasks from multiple intranode processes and issue them to
the GPU as if they are coming from a single process so that
the Hyper-Q feature can take effect. With MPS enabled,

there is only a single context (i.e., MPS context) on the
GPU. This allows all processes to share the GPU resources
and eliminate the context switching overhead.

Impact of MPS and Hyper-Q on Communication:
While the effect of Hyper-Q through the MPS service is eval-
uated on offloaded computational kernels [10], in this sec-
tion, for the first time, we evaluate the impact of the Hyper-
Q feature and the MPS service on point-to-point intranode
communication. We consider four point-to-point communi-
cating pairs that are first synchronized and then perform
pair-wise communications with either the host-staged (HS)
or CUDA IPC data copy method. We consider three sce-
narios: 1) all communications are performed with only HS
copy; 2) half of the communications are performed using HS
and the other half are performed using CUDA IPC; and 3)
all communications are performed using CUDA IPC. Fig.
1.a presents the microbenchmark results with and without
the MPS service on our experimental platform described in
Section 5. Three main observations can be made. The most
apparent observation is that both host-staged and IPC copy
types can benefit from the MPS for small and medium mes-
sages. For 128KB messages and above, however, the MPS
service imposes overhead on both copy types, with a larger
impact on the host-staged copy. Secondly, it can be seen
that the host-staged copies (with or without MPS) are faster
than the CUDA IPC copies for small and medium size mes-
sages. The opposite trend is seen for large message sizes, in
which the CUDA IPC copies (with or without MPS) are su-
perior to the host-staged copies. Finally, It can be observed
that in some message sizes (32KB and 64KB) with MPS en-
abled, the communication using both copy types is superior
to the communication with a single copy type. This im-
plies that the Hyper-Q feature, through the MPS service, is
providing some overlap between the host-staged and CUDA
IPC communications. This phenomenon is shown to exist
for a larger message range (8KB to 256 KB) when all possi-
ble combination of the copy types are evaluated under MPS
(Fig. 1.b). Taking these results into account, it can be ar-
gued that there is no silver bullet combination of different
copy types working efficiently across all message sizes.

4. DESIGN AND IMPLEMENTATION

Static algorithm: The Static algorithm makes its deci-
sion based on a priori information from a tuning table. That
associates the most efficient combination of the copy types
to each message size and process count. The steps of the
Static algorithm are listed below:

Stepl. Gather: All processes copy their share of data
into the GPU shared buffer area using a copy type that
is assigned to them by the leader process (without loss of
generality process with rank 0 is considered as the leader
process). It is noteworthy to mention that, having a single
fixed leader is not a scalability concern in this design. In the
case of the host-staged copy, there is only a single host-to-
device and a single device-to-host engine on the GPU which
cannot be shared among different processes (with or with-
out MPS); in the case of the CUDA IPC, with only a single
leader the copies can share the local GPU bandwidth and
proceed concurrently on different streams (only with MPS);
thus no room exists for further improvement by increasing
the number of leaders. The leader is responsible for find-
ing the most efficient combination of the copy types in the
tuning table, assigning a particular copy type to each pro-
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Figure 1: Hyper-Q effect on intranode point-to-point communication

cess, and then querying their completion. Step2. Kernel
Function: for MPI_Allreduce, an element-wise reduction is
called on the aggregated data in the GPU shared buffer. For
other collective types, this step may call another kernel func-
tion or be skipped. Step3. Scatter: The collective result
is stored into the destination buffer of the participating pro-
cesses. The leader process again assigns a particular copy
type to each process based on the tuning table information.

Dynamic algorithm: Unlike the Static algorithm, the
Dynamic algorithm is independent of any tuning parame-
ters. It determines the type and number of copies for each
process dynamically at runtime, based on their availability
and efficiency by querying their responsiveness. Different
steps of the Dynamic algorithm are listed below:

Stepl. Gather: All processes copy their share of data
into the GPU shared buffer of the leader process using an
algorithm that goes through the following phases:

Phasel. Initialization: Considering that at this point
no prior knowledge about the copy types exists, assessing the
responsiveness of a copy type can only be done by actually
assigning a host-staged and a CUDA IPC copy type to the
first two (non-leader) processes arriving at the collective call
and then querying their completion.

Phase2. Progress: The leader process queries the pend-
ing copies and waits until one of them completes. The in-
tuition is that it is more efficient to issue multiple copies on
a faster copy type all at once. In this regard, we calculate
the difference between the number of completed communi-
cations between the two copy types. A zero or a negative
difference indicates that the currently completed copy type
is not as fast as the other copy type, thus only a single
copy is issued with this slow but yet available copy type.
A positive difference, on the other hand, indicates that the
completed copy type is faster than the other type and thus
multiple copies should be assigned to the next available pro-
cesses. We determine the number of the issued copies to be
two to the power of this difference; this way, we ensure quick
assignment of the interprocess communications to the faster
copy type and thus using it more frequently. This procedure
continues until the last copy is issued.

Phase3. Final Copy Completion: For the final pend-
ing copy the leader takes a different approach. The ratio-
nale behind this is that, on one hand, the last pending copy
could potentially linger for a long time; and on the other
hand, there is no pending copy using the other type. At
this point, the leader checks if there has been any successful
completion of this copy type before. If this is not the case,
the leader considers this copy type to be slow and assigns the
final copy to be re-sent with the other copy type. If the slow
copy turns out to be of the host-staged type, the remaining

portion of the host-staged copy (if any) will be discarded.
This can be supported by packetizing the host-staged copies
into large chunks and sending them back to back; once a pro-
cess receives a re-send assignment with the IPC copy type,
the remaining packets of the host-staged copy will be dis-
carded. However, this is not applicable for the IPC copies,
thus we overlap them with the next steps of the collective.

Step2. Kernel Function: Similar to the Static algorithm.
Step3. Scatter: Both copy types can be potentially used
to scatter the result. However, unlike Step 1, the leader
now has some knowledge about the efficiency of the copy
types. Thus, it goes through the following phases:

Phasel. Initialization: If there has been no successful
completion of a copy type since the beginning of the collec-
tive operation, the leader tags it as a slow copy type and
avoids using it in the scatter step. Otherwise, both copy
types can potentially be used in this step.

Phase2. Progress: If all copies are initiated using a
single type, the completion of that type is only required to be
queried. Otherwise, the leader monitors the progress of both
copy types and uses the faster copy type more frequently and
waits for all of the pending copies in the current or previous
step(s) to complete before returning form the collective.

S. PERFORMANCE EVALUATION

Our experiments are conducted on a 16-core node equipped
with an NVIDIA K20M GPU. The node has a dual socket In-
tel XEON E5-2650 clocked at 2.0 GHz, a 64 GB of memory,
and is running Fedora 19 and CUDA Toolkit 6.5. We present
our results for MPI_Allreduce with and without the MPS
and compare them against MVAPICH2-2.1 and MVAPICH2-
GDR-2.0, using the OSU Micro Benchmark 4.3 [1].

In MPI_Allreduce, as shown in Fig. 2, the Hyper-Q fea-
ture through the MPS service improves all approaches ex-
cept for MVAPICH2-GDR for small messages. With 16 pro-
cesses and MPS enabled, the average speedup across all mes-
sage sizes for the Static and Dynamic algorithms over the
MPS disabled case is 3.23 and 2.77, respectively; the max-
imum speedup is 4.34 and 3.24, respectively. The overhead
of using the Dynamic algorithm over the Static decreases as
the message size increases and there are also a few cases in
which the Dynamic algorithm is superior. We associate this
to the fact that the static approach uses the integer values
stored in the tuning table which are the rounded average of
a thousand runs. While the Dynamic algorithm chooses the
number and type of the copy in each run. Thus, it has the
potential to be more accurate in choosing the right number
and type of copy across multiple runs. The benefit of the
Static algorithm over MVAPICH2 and MVAPICH2-GDR
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Figure 2: Hyper-Q effect on MVAPICH2, MVAPICH2-GDR, Static, and Dynamic approach w and w/o MPS

starts at 16KB, 8KB, and 8KB for 4, 8, and 16 processes,
respectively. The Dynamic algorithm outperforms MVA-
PICH2 and MVAPICH2-GDR for messages greater than
16KB. With MPS, the average speedup over MVAPICH2-
GDR on 16 processes for the Static and Dynamic algorithms
is 2.66 (up to 14.28) and 2.79 (up to 15.23), respectively.

6. RELATED WORK

In GPU clusters, Singh et al. [8] leveraged host-staged
copy types and optimized internode MPI_Alltoall by pipelin-
ing device-to-host and host-to-device CUDA memory copies
with the network communications. In [2], we proposed in-
tranode GPU-aware MPI_Allreduce, in which CUDA IPC is
used to gather the pertinent data into the GPU shared buffer
for a follow up in-GPU reduction. In this paper, however,
we use a combination of both copy types for intranode inter-
process communications and decide the number and type of
the copies based on the information that is gathered either
during or prior to the runtime. We also evaluate the effect
of the Hyper-Q through MPS on our proposed designs.

Shi et. al. [7] proposed different techniques and leveraged
gdr and loopback copy types to optimize the eager protocol
in internode GPU-to-GPU communications for small mes-
sages. While their work targets small messages, our pro-
posed algorithms also improve medium and large messages.

Wende et. al. [10] utilized the MPS to evaluate Hyper-Q
on the GPU computational kernels from multiple processes;
while our work evaluates the MPS and Hyper-Q feature on
multiple intranode GPU interprocess communications with
different copy types and proposes two algorithms that can
efficiently use such features to maximize performance.

7. CONCLUSION

In this paper, we evaluated the impact of the recently in-
troduced NVIDIA MPS service on the intranode host-staged
and CUDA IPC interprocess copy operations. We observed
that in multiple communications with these copy types, the
Hyper-Q feature through MPS not only improves each of the
copy types but also allows similar and different copy types
to overlap with each other. Taking this into account, we
proposed two design alternatives for intranode collectives:
A Static Hyper-Q aware algorithm and a Dynamic Hyper-Q
aware algorithm. These designs decide the number and type
of the copies to be used in their interprocess communica-

tions based on different algorithms and types of information.
While our designs can be applied to other MPI collective
operations, as a test case we showed their effectiveness on
MPI_Allreduce. The performance of the Dynamic approach
is comparable with the Static approach, while it has the ad-
vantage of being independent of any tuning parameter and
thus can be portable across different platforms. With the
MPS enabled, both of our designs outperform MVAPICH2
and MVAPICH2-GDR for medium and large message sizes.
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