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Modern and future parallel processing applications,
such as radar signal processing applications, often involve
many-to-many communication [1] [2]. Much work has
been done on many-to-many communication [3-8], but has
thus far primarily been on the software level with
algorithm solutions for scheduling, routing, scalability,
security etc. Work on the network level was proposed in
[1] [9] [10], but is developed for other types of networks
and differ significantly from our strategies of the many-to-
many communication for switched Ethernet networks. A
reliable many-to-many multicast protocol for group
communication was described in [10], but aimed for wide-
area ATM networks.

Since switched Ethernet uses a cost-effective off-the-
shelf technology, it is now so prevalent and frequently
used that it will probably take over much of the industrial
bus and network markets in the future. With increased
supported bit rates, switched Ethernet is also a good
candidate for parallel processing systems, including
clusters of workstations.

Some research has been done based on switched
Ethernet with a similar idea of enhancing the switch with
some intelligence, e.g. supporting guarantees for real-time
traffic without modifications to the Ethernet hardware [11]
[12]. However, the main aim of the work we present here
is to add intelligence to the switch to give efficient support
for many-to-many communication over switched Ethernet
networks, without requiring significant modifications of

the switched Ethernet specifications. Thinking the benefits
of combining switches [13] [14], a heave researched area
in parallel computers, we use the technique of message
combining to improve the Ethernet switch. The particularly
attractive feature proposed in this work is using intelligent
switches because of the higher utilization and shorter
latency, as compared to ordinary switches.

Only a thin layer is added between the Ethernet
protocols and the TCP/IP suite in the end stations. The
switch and the end-nodes control the many-to-many real-
time traffic with EDF (Earliest Deadline First) scheduling
on the frame level. The switch is responsible for admission
control, where a feasibility analysis is made for each link
and direction between end-nodes and the switch.

The paper is organized as follows. Section 2 discusses
the network architecture and the properties of the ordinary
switch relative to those of the intelligent switch while
handling many-to-many communication. A comparative
analysis is given in Section 3. Section 4 describes how to
offer real-time support to many-to-many traffic, and the
paper is concluded in Section 5.

A?! B%';-9C(@%5$9#D'#-&(

Switched Ethernet offers some key benefits over
traditional Ethernet, such as full duplex, flow control etc,
because the switched technology makes it possible to
describe a switch port to a single end-node. It also directs
network traffic in an efficient manner, establishing a sort
of direct line of communication between two ports for each
frame, and maintains multiple simultaneous links between
various ports. Taking advantage of this progress, we now
focus on switched Ethernet to find efficient support for
many-to-many communication.

Many-to-many communication can be generally
described as more than one source node sending out data at
the same time, and every source node sending data to more
than one destination node. Here, personalized
communication is considered, which means that the source
node sends out different messages to different destination
nodes. In an ordinary switched Ethernet without special
support for many-to-many communication, a many-to-
many stream is handled such that, once the switch receives
the messages from the source node, it sends to the
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destination nodes immediately. However, separate small
messages are sent between each source/destination pair.

The intelligent Ethernet switch proposed here provides
control to enhance the many-to-many operation of the
network. The many-to-many communication is divided
into two phases: the first phase when all the sending nodes
send data to the switch and the second phase when the
switch sends the reorganized data to the destination nodes.
The intelligent switch can store the data in the incoming
messages into a data matrix during phase 1, and
reorganizes it before sending it in the outgoing messages to
the destinations during phase 2. The reorganizing process
done by the intelligent switch is a so-called corner-turn,
which can be explained as a transposition of the data
matrix when the data matrix is in two dimensions. With the
intelligent switch, several messages from the same source
node in phase 1 or with the same destination node in phase
2 can be included in the same Ethernet frame if the length
limit of the Ethernet standard allows this. For the same
amount of data, less overhead (header information) is
added using the intelligent switch as compared to using the
ordinary switch. The intelligent switch can thus offer
higher performance, which is verified by the analysis in
Section 3.

E?! <&*/+5#5(

This section gives a utilization and latency analysis of
many-to-many communication in the ordinary and
intelligent switch, where Subsection 3.1 describes the
assumptions and parameters in the analysis, 3.2 makes a
utilization calculation and 3.3 a latency calculation. The
results and analysis are in 3.4.

E?>!4'#/#F*'#-&($*/$3/*'#-&(
Our analysis is made for a full-duplex switched fast

Ethernet (100 Mbits/s). For simplicity, we assume that all
of the end-nodes are clock synchronized and that every
node starts sending data at the same time and send to all
other nodes except itself. The detailed definitions of all the
parameters used for the utilization and latency analysis are
explained in Table 1! The data matrix is used to describe
how the intelligent switch stores and processes the many-
to-many data, which has fixed-length data elements. The
rows of the data matrix show the data to the switch, while
the columns of the data matrix show the data from the
switch. Two many-to-many communication data matrixes
and some related parameters in two different cases, when

each end-node is responsible for the same amount of traffic
(IOV is an integer) and when each end-node is not
responsible for the same amount of traffic (IOV is not an
integer), are shown in Figures 1a and 1b, respectively.

E?A!4'#/#F*'#-&($*/$3/*'#-&(
The utilization is highly dependent on the relative

amount of header information (we include, e.g, frame
check sequence and inter-frame gap in the term header). In
order to calculate the utilization, we consider the IEEE
802.3 MAC header, inter-frame gap (12 bytes), LLC
header (4 bytes), IP header (20 bytes) and UDP header (8
bytes). The length of the MAC header changes relative to
the length of the UDP data. When the UDP data are not
less than 14 bytes, the MAC header is 70 bytes (Figure 2a).
Otherwise a pad field is added to the header to meet the
minimum frame size required by IEEE 802.3; thus the
whole frame header should be 84 bytes minus the length of
the UDP data (Figure 2b). The maximum length of the
UDP data field in an Ethernet frame is 1468 bytes,
following the IEEE 802.3 standard, which permits a
maximum frame length of 1538 bytes.

The utilization analysis equations of many-to-many
communication for the ordinary switch are described by
Equations 1-15, resulting in 9 .
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V: Number of participating end-nodes in a many-to-many communication session
I: Number of data elements per row/column of the data matrix

& 5: Length (in bytes) of each data element
Y: A set including the nodes that are each responsible for of rows/columns of elements in the data matrix

& =: A set including the nodes each responsible for more than of rows/columns of elements in the data matrix
V : Number of end-nodes in set =0& mod=

& V : Number of end-nodes in set Y0& −=
X : Number of frames (1468 bytes data) transmitted from each node in set =&to another node in set =
W : Length (in bytes) of data in the last frame transmitted from each node in set =&to another node in set =&
X : Number of frames (1468 bytes data) transmitted from each node in set =&to another node in set Y
W : Length (in bytes) of data in the last frame transmitted from each node in set =&to another node in set Y

& 9 : Utilization of the many-to-many communication from each node in set =&to another node in set =
& 9 : Utilization of the many-to-many communication from each node in set = to another node in set Y
& 9 : Average utilization of the many-to-many communication from each node in set = to all other nodes

X : Number of frames (1468 bytes data) transmitted from each node in set Y&to another node in set =
W : Length (in bytes) of data in the last frame transmitted from each node in set Y&to another node in set =&
X : Number of frames (1468 bytes data) transmitted from each node in set Y&to another node in set A
W : Length (in bytes) of data in the last frame transmitted from each node in set Y&to another node in set A

& 9 : Utilization of the many-to-many communication from each node in set A&to another node in set =&
& 9 : Utilization of the many-to-many communication from end node in set Y to another node in set Y
& 9 : Average utilization of the many-to-many communication from each node in set Y to all other nodes

9 : Utilization of the whole many-to-many communication over the ordinary switched Ethernet
& X : Number of frames (1468 bytes data) transmitted from each node in set =&to all other nodes

W : Length (in bytes) of data in the last frame transmitted between from each node in set =&to all other nodes&
X : Number of frames (1468 bytes data) transmitted from each node in set Y&to all other nodes
W : Length (in bytes) of data in the last frame transmitted from each node in set =&to all other nodes
9 : Utilization of the whole many-to-many communication over the intelligent switched Ethernet!!

! 1: A set including all of the nodes if IOV is an integer, otherwise including the nodes that are each responsible for more
than &of rows/columns of elements in the data matrix

& V : Number of end-nodes in set 10&




≠
=

=
)0mod(mod
)0mod( &

X : Number of frames (1468 bytes data) transmitted from each node in set 1&to another node in set 1
W : Length (in bytes) of data in the last frame transmitted from each node in set 1&to another node in set C

& X : Number of frames (1468 bytes data) transmitted from each node in set 1&to another node not in set 1
W : Length (in bytes) of data in the last frame transmitted from each node in set 1&to another node not in set C

& Z : Length (in bytes) of data and header from each node in set 1&to all other nodes in set 1
& Z : Length (in bytes) of data and header from each node in set 1&to all nodes not in set 1&

X : Number of frames (1468 bytes data) transmitted from each node in set 1&to all other end nodes
W : Length (in bytes) of data in the last frame transmitted from each node in set 1&to all other nodes

& Z: Length (in bytes) of data and header from each node in set 1&to all other nodes
M : Maximum propagation delay over a link between an end-node and the switch

M : Corner-turn delay inside the intelligent switch
M : The whole many-to-many traffic transmission delay from the source nodes to the switch
M : The whole many-to-many traffic transmission delay from the switch to the destination nodes
M : Latency experienced by the whole many-to-many traffic on an ordinary switched Ethernet
M : Latency experienced by the whole many-to-many traffic on an intelligent switched Ethernet

Table 1. Notations used in describing the analysis equations.
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The utilization analysis equations of many-to-many
communication for the intelligent switch are described by
Equations 16-22, resulting in 9 .
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The latency is defined as the time from the generation

of the data in the source nodes until the data is received at
all destination nodes. In the analysis, we assume that the
propagation delay over a link between an end-node and the
switch, M , is 500 ns. Moreover, since the intelligent
switch processes the packets instead of blindly routing
them, we account for the corner-turn delay in the
intelligent switch. In our analysis the corner-turn delay,&
M , is assumed to be 1 µs, since the corner-turn is also
done during reception in parallel with the other latency and
the 1 µs here is only the delay of arranging the last
received data and initiating transmission. A sufficiently
powerful processor is assumed to reside in the intelligent
switch. Earlier results of low-complexity data
rearrangements in a switch (deadline sorting) showed by
experiments that a microprocessor can handle this [12]. In
the case of many-to-many communication, the task is only
to copy the incoming data into memory in a rearranged, but
regular, order.

The latency analysis equations of many-to-many
communication for the ordinary switch are described by
Equations 23-31, resulting in M .
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frame length: 84 bytes -1538 bytes
( header = 70 bytes )
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Data
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( 70 bytes <header <84 bytes )
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(a) (b)
Figure 2. Data frame. (a) without pad, (b) with pad.

(a) (b)
Figure 1. Data matrix of the many-to-many communication. (a) M=6, N=3, (b) M=6, N=4.
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The latency analysis equations of many-to-many
communication for the intelligent switch are described by
Equations 32-36, resulting in M .
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Figures 3-5 show the analysis results comparing the

utilization and latency of many-to-many communication of
an ordinary switch and an intelligent switch. The length of
each data element, 5, is 8 bytes. The following points can
be observed from these results:

(1) The intelligent switch gives better performance
(higher utilization and lower latency) than the ordinary
switch in nearly every case, because the corner-turn
process done by the intelligent switch adds less header to
the data than an ordinary switch, as explained in Section 2.
The performance improvement is obvious, e.g., when V&is
32 and I&is 64, the utilization in the case of the intelligent
switch is three times the utilization with the ordinary
switch, while the latency is only 50 %.

(2) There is a trend of increasing utilization for both the
ordinary and the intelligent switches, as the traffic
increases, arriving at peak values higher than 90 %.
Sudden decreases occasionally happen on the curves,
which are caused by the short frames (Figure 2b) having a
pad field whose utilizations are lower than 17 %.

(3) There is a trend of increasing latency for both the
ordinary and the intelligent switches, as the traffic
increases. The sudden increases on the curves take place
when the increase in I makes a node . responsible for one
more row (column after the corner-turn) in the matrix than
the other nodes. In this case, the many-to-many
communication does not finish until the traffic related to
node . finishes. A relatively stable period of increasing
takes place after a sudden increase, starting at the point
when only one such node . exists and ending at the point
when each node is responsible for the same amount of data
(IOV is an integer), which is marked on the curves and
shown in Figure 1a. A next sudden increase then happens,
because the change in I makes such a node .&appear again.
The different amount of the increased traffic makes the
different increasing degree (sudden or stable) in the
analysis figures.

(4) In contrast to the stair-like latency curves, the
utilization curves are smoother, because we assume that
the unused bandwidth left by many-to-many traffic when
waiting for the last node(s) to finish can be used by other
kinds of traffic, e.g., non-real-time traffic. When IOV is
not an integer, there exists at least one such node . that is
responsible for more traffic than other nodes.
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Figure 3. Utilization (a) and latency (b) for a network with 8 nodes.
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Based on the same network architecture as described
above, we first discuss how to support guarantees for
periodic real-time traffic in the network in general, and
then how to extend this to many-to-many traffic with real-
time demands.

H?>!I9-'-$-/5(*&@(*9$8#'%$'39%(
We add software (RT layer) to both the switch and the

end-nodes to support guarantees for periodic real-time
traffic. All nodes are connected to the switch and nodes
can communicate with each other over logical real-time
channels (RT channels), each being a virtual connection
between two nodes in the system.

The function of, and interaction with, the RT layer etc.
shown in Figure 6 is explained below, while the many-to-
many layer, as described later, is assumed to be unused
now. When an application wants to set up an RT channel,
it interacts directly with the RT layer (1). The RT layer
then sends a question to the RT channel management
software in the switch (2). Outgoing real-time traffic from
the end-node uses UDP and is put in a deadline-sorted

queue in the RT layer (3). Outgoing non-real-time traffic
from the end-node typically uses TCP and is put in an
FCFS-sorted (First Come First Serve) queue in the RT
layer (4). In the same way, there are also two different
output queues for each port on the switch (5).

H?A!:#&6/%(@%5'#&*'#-&(9%*/,'#1%($-113&#$*'#-&(
The real-time guarantee is upheld by an RT channel

with index . which is characterized by:
{M , 1 , M } (37)

where M is the period of data generation, 1 is the
amount of data per period and M is the relative
deadline used for the end-to-end EDF (Earliest Deadline
First) scheduling.

M [&M + M (38)
is assumed, where M and M are the deadlines for real-
time frames from the source node to the switch and from
the switch to the destination node, respectively. M
can be partitioned in a number of ways. For simplicity, we
here assume that

M = M =&M /2 (39)
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Figure 4. Utilization (a) and latency (b) for a network with 32 nodes.
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Figure 5. Utilization (a) and latency (b) for a network with 128 nodes.
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The scheduling of RT frames in the switch (and of
outgoing RT frames in the end-nodes) is made according to
EDF, i.e. all incoming RT traffic is served in deadline
order to guarantee the worst-case delay. A detailed
description of the RT channel establishment and RT traffic
handling is given in [11].

H?E!)*&+,'-,1*&+(9%*/,'#1%($-113&#$*'#-&(
Below we explain how to implement real-time support

for many-to-many traffic. As shown in Figure 6, the many-
to-many layer is based on UDP, so the many-to-many
frames can be put in the RT traffic queue. After the switch
has reorganized these many-to-many real-time frames
coming from the source nodes, it sends out the reorganized
frames to the destination nodes.

Considering the many-to-many characteristic, we divide
the end-to-end many-to-many logical RT channel with
index . into two channels, the RT channel from the source
to the switch (actually one channel from each source node)
and the RT channel from the switch to the destination
(actually one channel to each destination node), which are
characterized respectively by:

{M , 1 , M } (40)

{M , 1 , M } (41)
where \ is the index of an end-node, and 1 (\ denotes the
source node) and 1 (\ denotes the destination node) are
the maximum amount of data per period from the source
node to the switch and from the switch to the destination
node, respectively. 1 and 1 can have different values,
for instance, if there are fewer source nodes than
destination nodes.

H?H!J%*5#=#/#'+(*&*/+5#5((
As mentioned above, we use EDF [15] as the schedule

algorithm for both the switch and the end-nodes. The
feasibility test of accepting a new connection (admission
control) is done in two steps, utilization constraint and
workload constraint, each step being a test of its own.

According to basic EDF theory the worst-case
maximum utilization for a physical link between a source
node and the switch, 1max9 , and for a physical link
between the switch and a destination node, 2max9 , are both
100%. To meet the utilization constraint, the utilization of
RT traffic from/to an end-node T must not exceed these
levels:

( )
( ) 2max

,
,,2

1max
,

,,1

/

/

9M19

9M19

∑
∑

=

=

≤=

≤=
(42)

In order to describe the second step of the feasibility
test, we establish the following definitions, by viewing the
channel as a periodic task.

The&"#$%&$%&'()&for a set of periodic tasks is defined as
the length of time from that when all tasks’ periods start at
the same time until they start at the same time again. A&
*+,#-%&'()! is any interval of time in which a link is not
idle. The& .(&/0(1)! 2+345'(3& 6758& is the sum of all the
capacities of the tasks with an absolute deadline less than
or equal to -, where - is the number of time slots
(maximum sized frames) that have elapsed from the start
of the hyperperiod. Many different many-to-many
communication operations, or other channels, with real-
time demands might exist in the network at the same time.&
#P-R&is calculated as follows for each physical link from an
end-node to the switch and for each physical link from the
switch to an end-node, respectively, for (from/ to) an end
node:
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∑
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=

−+=

−+=
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,
,2,,2
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)/1()(

,)/1()(
(43)

According to the second constraint, the workload
function #P-R must be less than or equal to - for all values of
-. To check only the following range of - is an
improvement of the algorithm above [16]:
& & 1 ≤ - ≤ =38;X/*.$4& (44)

where =38;X/*.$4 is the first BusyPeriod in the schedule at
the start of the hyperperiod. Furthermore, one need not
check every integer from the first time slot, but only the
integers -:

! 1
,...}1,0:{

=
=+∈ & (45R&

where each ., 1 ≤ . ≤ ) is the index of an RT channel
traversing the considered physical link in the considered
direction.

When an RT channel has been established, the network
guarantees delivery of each generated message with a
bounded delay, M =M +& M E The worst-case
situation is when all RT-channels start at the same time,
and the maximum allowed capacity for each RT channel is
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Figure 6. Layers and output queues.
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used. The worst-case latency is, for all these many-to-
many logical RT channels, characterized by:

M = 2M + M + M +M (46)
where M and M are explained in Section 3.
M and M are the worst-case latencies for a
frame with the earliest deadline for leaving the source node
and for leaving the switch, respectively, since we assume
that we cannot interrupt the transmission of frames that
have been stored on the network interface card, even
though they might have later deadlines than other frames.

K?!2-&$/35#-&5(

We have investigated the performance of switched
Ethernet when transporting many-to-many streams. The
study covers both ordinary and intelligent switched
Ethernet with different parameters and shows that the
intelligent switch achieves higher utilization and shorter
latency than the ordinary switch. This efficient many-to-
many communication is good for many parallel processing
applications with high demands on many-to-many
communication performance, e.g. for use in a radar signal
processing systems. The so called corner-turn (involving
many-to-many communication) in radar signal processing
applications is often the most demanding communication
action in this kind of systems [17]. Furthermore, we have
proposed a solution to enhance the intelligent switch to
give real-time support for many-to-many traffic, by adding
software between the network layer and the link layer to
dynamically set up real-time channels.
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