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Abstract

Diskless computing nodes in cluster supercomputers require massive deployment proce-
dure of operating systems software for their booting. Most previous studies for massive
deployment of large files focus on developing flexible and scalable mechanisms in hid-
den or changeable network topologies, but the topology-optimal deployment has been
rarely investigated in fixed open network topologies. In this article, we investigate the
topology-optimal deployment method designed for a specific cluster supercomputer with
the fat-tree topology. We examine possible deployment approaches and propose the op-
timal peer-to-peer deployment method. The proposed deployment method minimizes
the number of peer-to-peer transmission steps by fully utilizing resources of the fat-tree
topology and avoids contention between peer-to-peer communications. Simulation results
show that the proposed method completes deployment at least nine times faster than the
baseline method.

Keywords: cluster supercomputer; massive deployment; peer-to-peer; fat-tree; network topology

1. Introduction

In cluster supercomputers consisting of many computing nodes, a fast deployment
procedure of an operating system software or big-size application software is important
for efficient utilization of cluster supercomputers. Many studies have been progressed for
rapid, flexible and scalable deployment of operating system software or big-size application
software. However, the optimal deployment method has been rarely handled.

There are three approaches for wide deployment of massive data: unicast-based,
broadcast-based, and multicast-based. The unicast-based approach [1,2] operates based on
the data transmission between one sender node and one receiver node, and it is designed
according to the TCP protocol in which there is no data transfer loss with a handshaking
transfer confirmation. The broadcast-based approach [3] operates based on the data trans-
mission between one sender node and the other all nodes, and it is designed according to
the UDP protocol in which data transfer loss may occur due to absence of transfer confirma-
tion procedure. The multicast-based approach [4,5] operates based on the data transmission
between one or many sender nodes and many receiver nodes, and it is designed according
to the UDP protocol similar to the broadcast-based approach. The unicast-based method
has been studied more actively than the broadcast-based and the multicast-based meth-
ods, because the reliable data transfer without loss during transmission is very critical for
essential software of computer operation.

Appl. Sci. 2026, 16,1565

https:/ /doi.org/10.3390/app16031565


https://crossmark.crossref.org/dialog?doi=10.3390/app16031565&domain=pdf&date_stamp=2026-02-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3773-4326
https://doi.org/10.3390/app16031565

Appl. Sci. 2026, 16, 1565

20f17

In this study, we focus on the unicast-based approach and exclude the broadcast-based
and the multicast-based approaches due to their low reliability issue of data transfer. In
the unicast-based approach, if only one node plays the sender and the other nodes always
play the role of the receiver, it consumes a lot of times. Therefore, in most of previous
unicast-based studies, the receiver node plays the role of sender in the next step, referred
to as the peer-to-peer (P2P) mechanism [6]. Most of them deal with flexible and scalable
deployment and do not consider topology-specific deployment. Although a few previous
studies [7-9] addressed that topology-aware deployment affects the performance, they did
not handle the topology-optimal deployment method.

There is a tradeoff between fast deployment design and scalable (or flexible) design. If
the deployment consumes too much time in supercomputer, rapid initial deployment of
the operating systems file is a sensitive issue to users. The deployment time of the baseline
method currently used in the Nurion supercomputer consumes about two hours. So, the
new design of the fastest deployment in the supercomputer with long deployment time is
more critical than the design of scalable or flexible deployment.

In this article, we propose the optimal deployment method for a specific cluster
supercomputer, called Nurion. The Nurion supercomputer consists of about eight thousand
computing nodes connected with the fat-tree topology of Intel switches. The proposed
method fully utilizes resources of the fat-tree topology and minimizes contention between
peer-to-peer communications. The contributions of this study are as follows.

It is shown that the proposed method finds the maximal paths concurrently transmit-
table from senders to receivers without contention and distributes evenly the found paths
to senders in a target fat-tree structure.

It is verified through mathematical analysis that the proposed method is optimal
in terms that it requires the minimum steps of peer-to-peer unicast for completion of
deployment broadcasting under an idealized transmission model with uniform link cost
regardless of number of traversed links.

Simulation experiment results show that the proposed scheme completes the deploy-
ment faster than the previous baseline method by at least nine times.

The rest of this paper is organized as follows. In Section 2, related previous studies are
reviewed. Section 3 describes the considered system model and the detailed working pro-
cess of the proposed scheme. Section 4 shows the evaluation results of the proposed scheme
with mathematical analysis and simulation experiments. Lastly, Section 5 summarizes the
study and discusses future research directions.

2. Related Works

The deployment procedure of large files in cluster or distributed computers is designed
with goals of rapid initial deployment, operational flexibility, or massive scalability. The
goals are selected according to the system requirements. In distributed or cloud computer
systems, massive scalability and operation flexibility are preferred rather than rapid initial
deployment. On the contrary, in cluster computer systems, rapid initial deployment is
preferred rather than massive scalability or operational flexibility.

For reliable file deployment essential to safe computer operation such as software file
of operating systems, the unicast-based communication mechanism is preferred rather than
the broadcast-based or multicast-based communication mechanisms. The unicast-based
communication mechanism utilizes the TCP protocol [10] in which there is no data transfer
loss with a handshaking transfer confirmation, while the broadcast-based and multicast-
based communication mechanisms utilize the UDP protocol [10] in which data transfer
loss may occur due to absence of transfer confirmation procedure. Most of deployment
methods based on the unicast-based communication employ peer-to-peer technology [6]
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in which the receiver node plays the role of sender in the next step. BitTorrent [11] and
eDonkey [12] are widely used popular peer-to-peer protocols.

In the cloud or Internet distributed system, the network topology is usually hidden
or changeable. Hence, previous studies [13-16] for the deployment mechanism of large
files in the cloud or Internet distributed system consider the network topology as a hidden
and modifiable network. The previous study [13] introduces the adoption of peer-to-
peer technology to distributed infrastructure for the management and storage access of
large files. The previous study [14] presents a light deployment method without creating
any image file or using external storage in the deployment process, whereas existing
methods create image files or employ external storage. The previous study [15] presents
an experimental and analytical performance study over peer-to-peer networks for large-
scale content distribution over the Internet. This study examines the strength of peer-to-
peer technology in high-speed networks, identifies bottleneck points of performance, and
quantifies the requirements in various scenarios. The previous study [16] employs peer-to-
peer technology for cloud infrastructures in order to speed up the service provisioning. A
BitTorrent-like peer-to-peer protocol is employed to accelerate large file delivery to wide-
scale target computers, by sharing their upload capacity in order to alleviate the bandwidth
bottleneck of provisioning server. The previous study [17] presents a rapid provisioning
mechanism of virtual containers for heterogenous virtual machines. This study explains the
cloud Infrastructure-as-a Service (IaaS) fulfillment procedure, the management of virtual
machine kernel pool, and activation mechanism of multi-threading for rapid provisioning.

In the local cluster system, the network topology is open and rarely changed. Hence,
previous studies [18-22] in the local cluster system consider the network characteristics
as much as possible when designing for fast booting. The previous study [18] presents a
deployment mechanism, called SonD, in which the writable snapshot technique is used
in order to achieve fast service creation, a dynamic service mapping, and a network boot
mechanism. The previous study [19] exploits the InfiniBand protocol offered by Nvidia
corporation, which dramatically reduces latency and CPU overhead with the Remote Direct
Memory Access (RDMA) technology. The RDMA technology bypasses the OS kernel with
direct memory-to-memory transfers. The previous study [20] describes the simplified
network booting method, called Grendel. This study exploits a robust PXE boot server, rest
API, and node management in a binary file format. The previous study [21] presents an
efficient maintenance technology for a cluster supercomputer, that is, a single shared root
filesystem image which reduces management complexity and completely automates the
process of bringing a new computer into the cluster. The previous study [22] introduces
analysis results that usage of network mounted boot disks results in negligible run-time
while achieving faster provisioning time.

A few previous studies [7-9] addressed that topology-aware deployment mechanism
can accelerate the performance of deployment procedure. The previous study [7] compares
delays of topology-aware routing and topology-unaware routing in a switch-based net-
work infrastructure. The previous study [8] provides a minimal-contention multicasting
algorithm from a single sender to multiple receivers in switch-based fat-tree configurations.
The previous study [9] designs a peer-to-peer protocol that selects a peer computer with
consideration of network distance proximity and transmission rate in Internet network
infrastructure. The previous study [23] analyzes the lower bound and the upper bound of
broadcasting operation for the general fat-tree configuration [24] in which branches nearer
the top of the hierarchy are fatter or thicker than branches further down the hierarchy
in order to maximize bandwidth and provide multiple redundant paths. The previous
studies [25,26] provide simulation frameworks that are able to compare the performance
of various fat-tree network configurations with different communication patterns and
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computation-to-communication ratios. However, all of these studies [7-9,23-26] did not
consider the optimal deployment mechanism in a given fat-tree network configuration.
Compared to the previous studies [7-9,23-26], the problem of finding an optimal deploy-
ment mechanism in a specific fat-tree network is handled in this paper, while the optimal
deployment mechanism in the general fat-tree network remains an open problem.

Recently, in wireless environments of Internet-of-Things (IoT), many
studies [27,28] have shown progress in energy-efficient multipath transmission or man-
agement of multipath fading channels. They focus on efficient utilization of frequency
modulation, which is beyond scope of this study.

3. Proposed Topology-Optimal Deployment

In this paper, we describe a method for minimizing the time required to distribute
an operating systems file of approximately 5.1 Gbytes in size to a cluster supercomputer,
configured with a fat-tree structure. Section 3.1 describes the detailed connection structure
of the target supercomputer. Section 3.2 describes the baseline unicast-based distribution
method of operating systems file currently used on the target supercomputer. Section 3.3
describes a minimal-time distribution method of operating systems files optimized for the
target supercomputer architecture based on peer-to-peer technology.

3.1. System Model

The fifth supercomputer operated by the Korea Institute of Science and Technology
Information (KISTI), named as Nurion [29], has a system configuration as shown in Figure 1.
It consists of 8437 nodes, including 8305 many-core KNL CPUs and 132 CPU-only nodes.
The 8437 nodes are connected in a fat-tree configuration using eight Intel switches with
768 ports and 264 Intel switches with 48 ports, providing a high-performance 100 G
interconnect. The other 13 48-port switches are used to connect the burst buffers, and
I/0 devices.

Figure 2 shows the fat-tree configuration of the Nurion supercomputer using
8 768-port switches and 264 48-port switches. The fat-tree structure has a depth of
four, where the deploy server is located at Layer 1, the 8 768-port core switches are located
at Layer 2, the 264 48-port edge switches are located at Layer 3, and the compute nodes
and relay servers are located at Layer 4. The deploy server at Layer 1 and the 8 768-port
switches at Layer 2 are connected by dual links for fault tolerance, and each 768-port switch
at Layer 2 and the 264 48-port switches at Layer 3 are also connected by dual links. Each
48-port switch at Layer 3 is connected to the compute nodes or relay servers at Layer 4 by
a single link. Even if it is configured as dual links, only one link is always used. In other
words, the deploy server in Layer 1 has eight links in the downward direction, each core
switch in Layer 2 has one link in the upward direction, and 264 links in the downward
direction. Each edge switch in Layer 3 has eight links in the upward direction and 32 links
in the downward direction.

Although each edge switch numbered as 260 and 264 are connected to 32 relay
servers in Figure 2, the edge switch numbered as 260 is connected to 15 relay servers and
17 end nodes in the real Nurion supercomputer. Also, the edge switch numbered as 264 is
connected to 21 relay servers and 11 IO devices in the real Nurion supercomputer. How-
ever, for the sake of simplicity, this paper assumes that edge switches numbered from
1 to 259 are all connected to only end nodes, and edge switches numbered from 260 to
264 are all connected to only relay servers. In other words, it is assumed that 8288, not
8305, end nodes are connected to edge switches numbered from 1 to 259, and 160, not 132,
relay servers are connected to edge switches numbered from 260 to 264. Note that this
assumption requires a minor modification when applying the proposed scheme to the real
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Nurion supercomputer, but it does affect the performance of the proposed scheme. In each
edge switch, at most eight relay servers participate in the proposed scheme because the
number of upward links in each edge switch is 8. In the edge switch numbered as 260 of
the real Nurion supercomputer, only eight relay servers participate in the proposed method
and the remaining seven relay servers can perform separately the file deployment for the
17 end nodes. The deployment from the remaining seven relay servers to the 17 end nodes
within a single switch is simpler and faster than the deployment of the eight relay servers
participating in the proposed scheme. In the edge switch numbered as 264 of the real
Nurion supercomputer, only eight relay servers participate in the proposed method and
the remaining 13 relay servers do not play a role of retransmission (in the edge switches
numbered as 261, 262 and 263, only eight relay servers participate in the proposed method
and the remaining 24 relay servers do not play a role of retransmission).
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Figure 1. System configuration of Nurion supercomputer.
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Figure 2. Switch-based fat-tree interconnection.

The commercial Bright Cluster Manager (BCM), named deploy server in this paper,
deploys a new operating systems (OS) file of approximately 5.1 GB during each regular
maintenance. The OS deployment process, as shown in Figure 3, begins with the BCM
deploy server distributing the OS files to the target disk-based relay servers. Each relay
server then transfers the OS file to the remaining diskless end nodes. The OPA connection
depicted in Figure 3 represents the communication path via the core switch at Layer 2 and
the edge switch at Layer 3 shown in Figure 2. Since the proposed method is designed to be
specialized for the specific structure, the architectural characteristics such as uniform fat-
tree structure, the number of upward links and downward links in switches, and locations
of the deploy server, relay servers and end nodes are critical for the method.

num.: 1

num.: 160

...[

end
node

|

Figure 3. Outline of deployment procedure in Nurion supercomputer.

3.2. Baseline Deployment Method

Currently, on Nurion supercomputer, the deploy server performs only the transmission
function, and the end nodes perform only the reception function, while the relay server
performs both reception and transmission functions. Henceforth, the procedure for the
deploy server to transmit the OS file to relay servers is referred to as Phase 1, and the

procedure for relay servers to retransmit the received OS file to end nodes is referred to as
Phase 2.
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Figure 4a shows the Phase 1 procedure in which the deploy server delivers the OS
file to 160 relay servers connected to edge switches numbered from 260 to 264. Figure 4b
shows the Phase 2 procedure in which the 160 relay servers connected to edge switches
numbered from 260 to 264 deliver the OS file to 8288 end nodes connected to edge switches
numbered from 1 to 259. In Phase 1 of Figure 4a, the maximum number of paths that can
be concurrently transmitted from the deploy server to the 160 relay servers is 8, which is
determined by the number of core switches. In Phase 2 of Figure 4b, the maximum number
of paths that can be concurrently transmitted from the relay servers to the end nodes is
40, which is obtained by summation of eight uplinks of the five edge switches numbered
from 260 to 264. The maximum number of paths that can be transmitted from senders to
receivers can be obtained automatically by applying the max-flow min-cut algorithm [30].

Deploy Server
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32 32 32 32
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Figure 4. Baseline deployment method: (a) Phase 1 and (b) Phase 2.

In Phase 1 of Figure 4a, since the maximum number of paths that can be transmitted
concurrently is 8, at least 20 (=160/8) transmission steps are required to transmit the
operating systems file to 160 relay servers. In Phase 2 of Figure 4b, since the maximum
number of paths that can be transmitted concurrently is 40, at least 207.2 (=8288/40)
transmission steps are required to transmit the operating systems file to 8288 end nodes. In
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other words, if the time required to transmit the operating systems file of approximately
5.1 Gbytes once is x, at least 20 x x time is required in Phase 1, and at least 208 x x time is
required in Phase 2.

3.3. Proposed Deployment Method

In the baseline method described in Section 3.2, only the relay servers perform both
receiving and transmitting functions. In the proposed method, all nodes perform both
receiving and transmitting functions.

Figure 5a shows the number of increments of receiving nodes when the end node used
in the baseline method performs only the receiving function. Since the number of receiving
nodes increases by one at each step, the number of receiving nodes becomes n where n
denotes the number of repeated communication steps. Figure 5b shows the number of
increments of transmitting nodes when the end node used in the proposed method uses
P2P technology to perform both receiving and transmitting. The number of receiving
nodes becomes 20 + 21 + 22 + ... + 20 =1 = (27 — 1) for n communication steps. Figure 5c
shows the increase in the number of receiving nodes when only the root node can transmit
multiple communications simultaneously, while the remaining nodes can transmit only
one communication at a time. Where k denotes the number of communications simultane-
ously transmitted by the root node, the number of receiving nodes for n communication
steps becomes

kx20+kx 2l +kx 22+, +kx 20" D=k x 2" —1). (1)

Ste;ﬂ: rece. num.: 1 rece. num.: 1
step2: rece. num.: 1 rece. num.: 2
stepd: i rece. num.: 1 rece. num.: 4

rece.num.: 1*k

rece.num.: 2k

rece.num.: 4*k

Figure 5. Expanding comparison of pure unicast and P2P transmission: (a) Expanding of pure unicast,
(b) expanding of peer-to-peer unicast, and (c) expanding of peer-to-peer unicast with concurrent
transmissions of root node.

Table 1 summarizes the minimum number of transmission steps required for the
current baseline and the P2P-based methods. In Phase 1 of the baseline method, at least 20
(=160/8) transmission steps are required to deliver to 160 relay servers where the maximum
number of concurrently transmittable paths is 8. In Phase 2, at least 208 (>207.2 = 8288/40)
transmission steps are required to deliver to 8288 end nodes, where the maximum number
of concurrently transmittable paths is 40.

https://doi.org/10.3390/app16031565


https://doi.org/10.3390/app16031565

Appl. Sci. 2026, 16, 1565

9of 17

Table 1. Summary of the required transmission steps.

Num. of Minimum Steps  Num. of Minimum Steps
in the Baseline Method in the P2P-Based Method

Phase 1 20 5
Phase 2 208 8

In the P2P-based method, the number of receiving nodes is expanded recursively
in the manner illustrated in Figure 5c. As illustrated in Figure 4a, in Phase 1 of the OS
deployment, the deploy server can concurrently transmit eight communications to relay
servers each time, where k = 8. If the relay server also participates in the transmission
task after receiving, the number of receiving nodes can be increased to a maximum of
8 x (2" — 1) according to Equation (1) by repeating the communication step n times.
Then the minimum value of # satisfying the condition of 160 < 8 x (2" — 1) is 5 because
8 x (2* —1)=120< 160 < 8 x (2° — 1) = 248. As explained in Figure 4b, in Phase 2, the
relay servers can concurrently transmit 40 communications to end nodes each time, where
k = 8. In Phase 2 of the P2P-based method, the number of receiving nodes can be up to
40 x (2" — 1) according to Equation (1) by repeating the communication step n times.
Then the minimum value of # satisfying the condition of 8288 < 40 x (2" — 1) is 8 because
40 x (27 — 1) =5080 < 8288 < 40 x (28 — 1) =10,200. The deployment can be completed with
the minimum number of transmission steps, only when the maximal paths concurrently
transmittable (8 in Phase 1 and 40 in Phase 2) are distributed evenly to senders without
contention between concurrent transmissions.

Figure 6 illustrates the broadcast procedure to 32 child nodes connected to a single
edge switch used in the proposed method. Figure 6a shows the proposed method used
in Phase 1 of the OS deployment, and Figure 6b shows the method used in Phase 2. In
Figure 6, ti represents the transmission at time step i. For clarity, Figure 6a omits the final 5,
which transmits from odd to even nodes, and Figure 6b omits the final 6, which transmits
from odd to even nodes. Figure 6a is used when the maximum number of concurrent
transmissions is greater than the number of edge switches connected to target receiving
nodes. Figure 6b is used when the maximum number of concurrent transmissions is much
less than the number of edge switches connected to target receiving nodes. As shown
in Figure 4a, in Phase 1, the maximum number of concurrent transmissions is 8 and the
number of edge switches connected to the receiving relay servers is 5. And as shown in
Figure 4b, in Phase 2, the maximum number of concurrent transmissions is 40 and the
number of edge switches connected to target receiving end nodes is 259.

Figure 6a used in Phase 1 of the proposed method shows that if the OS file is transmit-
ted concurrently to nodes 1 and 31 at time t1 (or time {2), the broadcasting procedure to
32 relay servers can be completed at time t5. Table 2 shows the cases of two simultaneous
transmissions and a single transmission according to the time step to edge switches 260, 261,
262,263, and 264 that connect the relay servers in the proposed method. In the transmission
step t1, simultaneous transmissions are performed to each node 1 and each node 31 of edge
switches 260, 261, and 262, and a single transmission is performed to each node 1 of the
remaining edge switches 263 and 264. In the transmission step £2, a single transmission is
performed to each node 17 of edge switches 260, 261, and 262, and simultaneous transmis-
sions are performed to each node 17 and each node 31 of the remaining edge switches 263
and 264. Afterwards, a single transmission is performed to each node 25 of edge switches
260, ..., 265 at time 3, and a single transmission is performed to each node 29 of the five
edge switches at time 4. At time 5, each odd node performs transmission to its right-side
even node without transmission from the deploy server.
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Figure 6. Broadcasting of 32 computing nodes in an edge switch: (a) 5-step multicast with concurrent

transfers from core switches (not depicting the last step t5) and (b) 6-step multicast with a single
transfer from core switches (not depicting the last step t6).

Table 2. Detailed operations in Phase 1 of the proposed method.

Time Step Two Simultaneous Trans. Single Trans.
from Deploy Server from Deploy Server
t1 edge switch 260, 261, 262 edge switch 263, 264
2 edge switch 263, 264 edge switch 260, 261, 262
3 none edge switch 260, . . ., 264
t4 none edge switch 260, . . ., 264
t5 none none

Figure 6b used in Phase 2 of the proposed method shows that the broadcasting
procedure to 8288 end nodes can be completed at time t6 by consuming an additional
five steps if each node 1 of target edge switches receives the OS file. In other words, if
the OS file can be transmitted to each node 1 of edge switches numbered as 1, ..., 259
connecting target end nodes within m steps, the OS file transmission to a total of 8288 end
nodes can be completed within (m + 5) steps.

Figure 7 shows the procedure to complete transmission to each node 1 of edge switches
numbered as 1, ..., 259 within three steps, which is the case of m = 3. According to
Equation (1), the transmission to 259 edge switches can be completed in only three steps
because 40 x (2% — 1) = 280, where the maximum number of concurrently transmittable
paths is 40 through the eight upward links of edge switches 260, 261, 262, 263, and 264 for
each step. In Figure 7, only 36 concurrent transmissions among the maximum 40 concurrent
transmissions are used because the number 258 of target edge switches is less than 280. The
covered areas that the node 1 of the edge switch 260 handles through three steps are the
edge switches 1, ..., 7. The covered areas that the node 2 of the edge switch 260 handles
through three steps are the edge switches §, ..., 14. Similarly, the covered areas that the
node 4 of the edge switch 264 handles through three steps are the edge switches 253, .. .,
259. As illustrated in Figure 7, the transmission to each node 1 of 259 edge switches can be
completed within three steps. As illustrated in Figure 6b, the transmission to the remaining
31 end nodes of the 259 edge switches can be completed in an additional five steps. Then,
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the OS file transmission to 8288 end nodes can be completed in eight steps if there is no
delay due to collision among concurrent P2P communications.

step 1

.

step2 ===
step 3 —

B L L T T T ——

zone 37 covered b;'
node 4 in ES #264

zone 2 covered by
node 2 in ES #260

zone 1 covered by
nede 1in ES #260

Figure 7. Multicast of 259 edge switches in Phase 1 of the proposed method.

Figure 8 shows that there is no overlapping in communication paths during the
maximum 40 concurrent transmissions from relay servers to end nodes in Phase 2. Figure 8a
shows all communication paths that occur simultaneously in step 1 of Phase 2. In the
upward communication paths, the eight upward links from the edge switches 260, 261,
262,263, and 264 are connected to eight core switches through different port numbers of
each core switch. In the downward communication paths, each core switch is connected to
34 edge switches numbered as 1, 8, .. ., 253 through different port numbers of each core
switch. Therefore, there is no overlapping in step 1 of Phase 2. Figure 8b shows all
communication paths that occur simultaneously in steps 2 and 3 of Phase 2. We can
confirm that there is no overlapping of communication paths in the upward and downward
directions in step 2. Similarly, there is no overlapping of communication paths in the
upward and downward directions in step 3. Finally, concurrent transmissions within the
edge switch shown in Figure 6b do not cause communication collision because most switch
devices provide a multiplex function in the form of a full connection.

cora  siesh) 18

step2 ===>
step3 ——>»

edge switch
oo

Figure 8. Contention-free routing path in Phase 2 of the proposed method: (a) All routing paths in
step 1 and (b) all routing paths in step 2 and 3.
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4. Evaluation

To evaluate the performance of the proposed method, we conducted numerical analy-
sis and simulation experiments. Section 4.1 verifies through numerical analysis that the
proposed method consumes the same number of steps as the optimal method. Section 4.2
shows through simulation experiments that the proposed P2P-based method described in
Section 3.3 completes the OS deployment procedure much faster than the baseline method
described in Section 3.2.

4.1. Numerical Analysis

In a P2P-based distribution method, in order to deliver to 160 relay servers in Phase 1
when the maximum number of simultaneously deliverable paths is 8, at least five trans-
mission steps are required because 8 x (2* —1)=120 <160 < 8 x (2> — 1) = 248. In order
to deliver to 8288 end nodes in Phase 2 when the maximum number of simultaneously
deliverable paths is 40, at least eight transmission steps are required because 40 x (27 — 1)
=5080 < 8288 < 40 x (28 — 1) = 10,200. That is, any distribution method based on the P2P
technology requires at least five steps in Phase 1 and at least eight steps in Phase 2.

As explained in Section 3.3, the proposed method uses five transmission steps in
Phase 1 and eight transmission steps in Phase 2. In addition, it is confirmed that no con-
tention delay occurred due to overlapping routing paths among concurrent transmissions
in Phase 1 and in Phase 2 either. That is, the proposed method is proven to be a method that
minimizes the OS distribution time by using only the same number of transmission steps
as the minimum number required by the P2P-based distribution method. The required
communication steps of the optimal deployment method and the proposed method are
summarized in Table 3. Note that the optimality analysis is applicable only to the minimum
number of P2P unicast steps, not to wall-clock time in a fully realistic environment.

Table 3. Time comparison of the optimal method and the proposed method.

Num. of Minimum Steps  Num. of Consumed Steps
in the P2P-Based Method  in the Proposed Method

Phase 1 5 5
Phase 2 8 8

4.2. Simulation Experiments

In order to compare the performance difference between the proposed deployment
method and the existing baseline method described in Section 3.2, we implemented the
two methods in using the Network Simulator 3 (NS-3) library [31] and Python programming
language with version 3.13.9. End nodes play roles of both receiver and sender in the
proposed method where they play a role of only receiver in the baseline method. The
two methods find the maximal paths concurrently transmittable and distribute them evenly
to the senders. The same 4-layer fat-tree structure as shown in Figure 2 was constructed.

Table 4 shows setting parameters used in the simulation experiments. Because the
previous study [8] shows that the difference in transmission time depending on the number
of traversed switches is negligible for large files, it is assumed that the number of switches
passed through during transmission does not affect the transmission time of 7. The time T
was set to 11.5 s, which is measured under the TCP protocol in our previous experimental
study [32]. The value « denotes the time delay occurring when a receiving node prepares
the role of retransmitting in the next step. The value § denotes the time delay occurring
when multiple communications are performed simultaneously within a switch device.
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Table 4. Parameters of simulation experiments.
Notation Parameter Role
T transmission time of single peer-to-peer unicast
« overhead ratio of message forward
B overhead ratio of switch multiplex

Deployment Time (sec.)
— — (3] M [*5]
o (=] o =] (53] [=]
L] f=] f=] f=] f=] f==]

(=]

The baseline deployment method requires at least 228 transmission steps for both
Phase 1 and Phase 2, while the proposed method requires 13 transmission steps as shown
in Table 1. Therefore, the proposed method is approximately 17 (~228/13) times faster
than the baseline method when calculating without the overhead incurred in the P2P-based
method, where « =0 and B = 0.

We first examine the performance impact of overhead ratio « of message forward. The
time overhead for retransmission preparation was reflected in the simulation performance
evaluation, as shown in Figure 9. As the size of the OS file increases, the transmission
time increases but the retransmission preparation time remains fixed. Hence, the ratio of
retransmission preparation time to file transmission time decreases as the size of the OS
file increases.

Figure 9. Forward sync. time.

Figure 10 shows experimental results against various overhead ratio of message
forward. Figure 10a shows the deployment time of the proposed method. It consumes
approximately 150 s when the message forward overhead is 0%, and approximately 288 s
when the message forward overhead is 100%. Figure 10b shows the deployment times of
the proposed method and two previous methods against various overhead ratio of message
forward. ‘Even Unicast’ represents results of the baseline method described in Section 3.2,
which operates based on the unicast and equally utilizes available paths. ‘Random Unicast’
represents results of a method that operates based on the unicast and randomly selects
paths. As shown in Figure 10b, regardless of message forward overhead ratio, the proposed
method is at least 9 times faster than ‘Even Unicast’ and at least 13 times faster than
‘Random Unicast’. The proposed method is about 25 times faster than the ‘Random Unicast’
method and about 13 times faster than the ‘Even Unicast’ method when overhead ratio is
0%. The proposed method is about 17 times faster than the ‘Random Unicast’ method and
about 9 times faster than the ‘Even Unicast’ method when overhead ratio is 100%.
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Figure 10. Deployment time against overhead ratio of message forward: (a) Deployment time of
the proposed method and (b) comparison of deployment time between the proposed method and
two previous methods.
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Multiplexing operations, where multiple communications are performed simultane-
ously within a switch device, can incur delays due to processing operations compared to
cases when only one communication is performed. We examine the performance impact of
overhead ratio 8 of switch multiplex operations. Figure 11a shows the switch multiplex
that occurs during the receiving process at the edge switch connecting relay servers in
Phase 1 of OS file deployment process. Figure 11b shows the switch multiplex that occurs
during the transmission process at the edge switch connecting relay servers in Phase 2.
Figure 11c shows the switch multiplex that occurs within the core switch in Phase 2. Switch
multiplex also occurs during the broadcast operations within a single switch, as shown
in Figure 6. Switch multiplexing occurs not only in the proposed method but also in the
previous methods.

edge switch edge switch
in phase 1 in phase 2

L

\\
&

Figure 11. Cases of switch multiplex operations: (a) Edge switch connecting relay servers in Phase 1,
(b) edge switch connecting relay server in Phase 2, and (c) core switch in Phase 2.

core switch
in phase 2

Figure 12 shows experimental results against various overhead ratio of switch multi-
plex. When two transmissions are performed simultaneously on a switch and the switch
multiplex overhead value is set to $%, a time delay of f% is added to the communication
time. When k transmissions are performed simultaneously and the overhead value is set
to B%, a time delay of (k —1) * B% is added to the communication time. Figure 12a shows
the deployment time of the proposed method against various overhead ratios of switch
multiplex. It consumes about 150 s when the switch multiplex overhead is 0%, and about
500 s when the overhead is 100%. Figure 12b the deployment times of the proposed method
and the two previous methods against various overhead ratios of switch multiplex. As
the switch multiplex overhead ratio increases, the increment in the deployment time of
the previous ‘Even Unicast’ and ‘Random Unicast’ methods is significantly greater than
that of the proposed method. The reason is that the proposed method requires 13 trans-
mission steps, so the switch multiplex delay occurs within 13 steps at most. However,
in the “Even Unicast’ method and ‘Random Unicast’ method, the switch multiplex delay
occurs within 225 steps at most. Therefore, the increment in the deployment time due to
the switch multiplex delay has a much greater impact on the previous methods than on the
proposed method.
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Figure 12. Deployment time against overhead ratio of switch multiplex: (a) Deployment time of
the proposed method and (b) comparison of deployment time between the proposed method and
two previous methods.
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5. Conclusions and Discussion

In this paper, we propose an OS file deployment method optimized for the topological
characteristics of a specific cluster supercomputer. The target topology is a fat tree, in which
there are four layers and 8448 computing nodes are connected through 272 switches. The
proposed method first finds the maximal paths concurrently transmittable from senders
to receivers and next distributes the found maximal paths evenly to senders without
contention between concurrent transmissions. Whereas previous deployment studies
based on the peer-to-peer technology have reduced transmission delay of large files by
partially considering topological characteristics, this study minimizes transmission delay
by fully considering the topological characteristics. In this paper, we mathematically
demonstrate that the proposed method is optimal such that it requires the minimum steps
of peer-to-peer unicast for the deployment completion of OS file. Furthermore, simulation
experiments show that the proposed method is at least nine times faster than the existing
baseline methods.

The proposed method is designed to be optimal upon the idealized assumption that
only the number of peer-to-peer unicast steps determines the overall deployment time.
However, in real environments, its actual deployment time depends on many implementa-
tion details such as dynamics of network protocols, behaviors of CPU, disk and switches,
actual link sharing, etc. So, the proposed method does not guarantee the minimum actual
time in real environments. Also, if a node fails in the middle of retransmission procedure,
the proposed method needs to find a substitute node replacing the failed node, which
breaks the operational optimality of the proposed method; this remains a goal in our
future study. Furthermore, the proposed method is optimized only for a specific cluster
supercomputer architecture, called Nurion, and thus has the limitation of lower operational
efficiency on other cluster supercomputers with different architectures. However, the
two techniques introduced in this paper can be applicable with some modifications to
other supercomputers with different architectures; the first is to find the maximal paths
concurrently transmittable from senders to receivers and the second is to distribute the
found paths evenly to senders without contention between concurrent peer-to-peer com-
munications. To the best of our knowledge, this study is the first approach to minimize
the number of peer-to-peer unicasts for the OS file deployment in a fat-tree topology. Our
further study will investigate a deployment method with the minimum number of peer-
to-peer recursive-expanding transmissions for the dragonfly topology [33], as well as the
connection topology of the sixth supercomputer scheduled to be newly launched by the
Korea Institute of Science and Technology Information (KISTI) in 2026.
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