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(57) ABSTRACT

A method for transmitting messages in a computer network,
e.g., a TTEthernet network, the network including nodes and
at least one star coupler, which are connected in a multi-hop
fashion, the nodes periodically exchanging time-triggered
(TT) messages according to a pre-defined transmission
schedule, and wherein nodes exchange, according to the
schedule, messages via scheduled time-triggered flows,
wherein adding a new time-triggered flow into the running
computer network includes: 1. determining, for each hop in
the new flow path of the new time-triggered flow, a free
transmission gap in the transmission cycle of the corre-
sponding port, 2. modifying, if a sufficiently long transmis-
sion gap is not free in a transmission cycle, said transmission
cycle, wherein 3. modifying transmission cycles occurs
iteratively, and 4. if a sufficient transmission gap is found in
each transmission cycle along the flow path, the new trans-
mission is incorporated into each of the cycles and executed
periodically.

18 Claims, 4 Drawing Sheets
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1
ONLINE INCREMENTAL SCHEDULING
METHOD FOR DETERMINISTIC
NETWORKS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Austrian Patent Appli-
cation A 50768/2015, filed Sep. 7, 2015, which is incorpo-
rated herein by reference.

SUMMARY OF THE INVENTION

The invention relates to a method for transmitting mes-
sages in a computer network, for example a TTEthernet
computer network, wherein

said computer network comprises nodes and at least one

star coupler, which nodes and said at least one star
coupler are connected in a multi-hop fashion,
wherein nodes in said computer network periodically
exchange time-triggered (TT) messages according to a
pre-defined transmission schedule, and wherein

nodes exchange, according to said transmission schedule,

messages via scheduled time-triggered flows, wherein

a time-triggered flow specifies at least the following

information:

sender node and a set of at least one destination node;

at least one multi-hop path between said sender node

and the at least one destination node;

message size;

message period,
wherein the transmission of messages at each hop is driven
by the transmission schedule executed cyclically, and
wherein the transmission schedule is decomposed into sub-
schedules for each transmitting port of each network com-
ponent, i.e. for each transmitting port of each node and for
each transmitting port of the at least one star coupler,
wherein each sub-schedule is executed locally by the cor-
responding network component, in particular following a
global notion of time, according to a transmission cycle,
wherein each transmission cycle has a duration which is a
multiple of the period time of all transmitted flows by the
port of the network component, and wherein the transmis-
sion cycle of each hop in the flow path is chosen such that
a scheduled interval, the so-called “transmission window”,
for the transmission of each flow is guaranteed, and wherein
the length (duration) of the transmission window is sufficient
to account for the transmission time of the message, and
wherein the transmission windows for a given flow along the
flow path are sequenced in time such that the transmission
of said flow on a given port is scheduled after the transmis-
sion of the previous port, and wherein transmission windows
of different flows do not overlap in time on a given trans-
mission port.

Furthermore, the invention relates to a computer network,
for example TTEthernet computer network, wherein

said computer network comprises nodes and at least one

star coupler, which nodes and said at least one star
coupler are connected in a multi-hop fashion,
wherein nodes in said computer network periodically
exchange time-triggered (TT) messages according to a
pre-defined transmission schedule, and wherein
nodes exchange, according to said transmission schedule,
messages via scheduled time-triggered flows, wherein
a time-triggered flow specifies at least the following
information:
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sender node and a set of at least one destination node;
at least one multi-hop path between said sender node
and the at least one destination node;
message size;
message period,;
wherein the transmission of messages at each hop is driven
by the transmission schedule executed cyclically;

and wherein the transmission schedule is decomposed

into sub-schedules for each transmitting port of each
network component, i.e. for each transmitting port of
each node and for each transmitting port of the at least
one star coupler, wherein each sub-schedule is executed
locally by the corresponding network component
according to a transmission cycle, wherein each trans-
mission cycle has a duration which is a multiple of the
period time of all transmitted flows by the port of the
network component, and wherein the transmission
cycle of each hop in the flow path is chosen such that
a scheduled interval, the so-called “transmission win-
dow”, for the transmission of each flow is guaranteed,
and wherein the length (duration) of the transmission
window is sufficient to account for the transmission
time of the message, and wherein the transmission
windows for a given flow along the flow path are
sequenced in time such that the transmission of said
flow on a given port is scheduled after the transmission
of the previous port, and wherein transmission win-
dows of different flows do not overlap in time on a
given transmission port.

In particular, the transmission schedule is statically
defined, e.g. it is calculated once and then repeats cyclically
without changes.

A “transmission cycle” relates to the transmission sub-
schedule of one particular port of a network device, which
cycle after being completed repeats over again.

A computer network, for instance according to IEEE
802.3 Ethernet [2], can carry both scheduled and unsched-
uled communication messages, whereby scheduled commu-
nication messages are transmitted from a sending entity
(sending node) to one or more receiving entities (receiving
nodes) at predefined points in a network-wide well-defined
time, for example a global time, while unscheduled com-
munication messages are transmitted according to other
criteria. Appropriate transmission protocols and mecha-
nisms for message handling and message prioritization can
be applied, whereby it is ensured that no interference of any
scheduled or unscheduled communication message with any
given scheduled communication message can occut.

Typically a global transmission schedule approach,
whereby the transmission of scheduled messages follows a
predefined global schedule (“transmission schedule”) calcu-
lated offline (i.e. prior to initiating the transmission of
messages), is chosen because the creation of transmission
schedules for nontrivial communication networks is a math-
ematically complex task and requires significant computa-
tional resources.

For very large or dynamic networks, the global schedule
approach may not be feasible, specifically if there are
requirements for the dynamic addition of new scheduled
messages—e.g. while other transmissions are already ongo-
ing.

It may be a task of the invention to describe a method to
transmit new scheduled messages in a time-triggered com-
puter network, in which network time triggered messages
(“old” messages) are already being transmitted according to
a pre-defined transmission schedule.

Furthermore, it may be a task of the invention to describe
such a method, wherein the real-time properties of the
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existing (“o0ld”) scheduled messages are preserved and the

real-time properties of the new scheduled messages are

guaranteed.

These tasks can be achieved with a method described
above, wherein according to the invention for adding a new
time-triggered flow into the computer network, in particular
into the running computer network, the following steps are
carried out:

1. determining, for each hop in the new flow path of the new
time-triggered flow, a free transmission gap in the trans-
mission cycle of the corresponding port, wherein the
transmission gap has to be sufficiently long to place a
transmission window for the new flow, in particular
following the right sequence in time along the path;

2. modifying, in case that a sufficiently long transmission
gap is not free in a transmission cycle, said transmission
cycle, preferably by modifying, in particular shifting, at
least one existing transmission in said transmission cycle,
wherein

3. modifying transmission cycles takes place iteratively,
wherein
() initially, only transmission cycles being affected by the

addition of the new flow, i.e. transmission cycles being
part of the flow path, are considered for modification;

(b) one or more transmission windows for existing (old)
flows with known predecessor and/or successor trans-
mission windows are shifted, in particular until a suf-
ficiently large transmission gap is available in the
transmission cycle or all shifting possibilities have been
exhausted,;

(c) if for a given transmission cycle, the previous steps 3
(2) and 3 (b) do not render a sufficiently large trans-
mission gap in the transmission cycle to place the
transmission window of the new flow, the set of known
transmission cycles being considered for modification
is extended;

(d) steps (b) and (c) being repeated until a sufficient gap
is found, the cumulated knowledge is equal to the entire
network, or a limiting factor has been reached (e.g. a
predefined time out),

4. if a sufficient transmission gap is found in each transmis-
sion cycle along the flow path, the new transmission is
incorporated into each of the transmission cycles and is
executed periodically.

The formulation “transmissions . . . considered” in step 3
(a) means, that these cycles, which according to step 3 (a)
have dependencies contained within this set of cycles, can be
modified. Transmission windows of other flows that inter-
sect with the new flow may not be modified since the
dependencies (previous transmission windows) are not
known.

The set of “known” transmission cycles are those cycles
that are considered. In particular, this means that

initially, a set K of transmission cycles contains all
transmission cycles being affected by the addition of
the new flow, i.e. transmission cycles being part of the
flow path,

only transmission windows for existing (old) flows, which
predecessor and/or successor transmission windows are
in a transmission cycle in the set K can be shifted,

and if for a given transmission cycle, the previous steps do
not render a sufficiently large transmission gap in the
transmission cycle to place the transmission window of
the new flow, the set K is extended.
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Shifting a transmission window in this context refers to
moving the window in the transmission cycle, in particular
advancing or delaying the start of the window by an amount
of time.

Furthermore, these tasks can be achieved with an above
mentioned computer network, which network, for adding a
new time-triggered flow into the computer network, in
particular into the running computer network, comprises
means, or is connected to means, or can be connected to
means, which means are adapted to carry out the above
mentioned steps 1.-4.

Advantageous embodiments of the method as well as of
the network according to the invention are described in the
following. These further embodiments may be realized in
any arbitrary combination:

*}—Step 2 can be carried out with the following restric-

tion(s):

(a) an existing transmission window can be shifted, in
particular advanced or delayed, within this transmis-
sion cycle within the limits imposed by the end of the
predecessor transmission window and the beginning
successor transmission window(s) in the respective
transmission cycles, preferably plus the additional
transmission latency added by a transmission media;
and/or

(b) the transmission windows of the first and last hops
cannot be shifted.

The “first” and “last” hop refers to the transmission
window of the sender node (first port) and that of the
last node before the receiver node (last port/ports). In
essence, these are the end points defining the original
transmission and reception times for the message.
Changing them would mean altering the message prop-
erties (either by sending or receiving before or later).
Anything in between (the intermediate hops) can be
changed without the end sides (sender and receivers)
noticing any difference (they will keep sending and
receiving at exactly the same point In time).

*) According to step 3 (b) it can further be provided that:

(1) if the preceding transmission window of the transmis-
sion window in question is known, said transmission
window in question can be advanced at most until the
end of the predecessor transmission window;

(ii) if the succeeding transmission window(s) is (are)
known, a transmission window in question can be
delayed at most until the beginning of that succeeding
window or, in the case of two or more succeeding
transmission windows, until the beginning of the ear-
liest succeeding transmission window.

*) In step 3 (c) it can be provided that

(1) the extension is limited to a defined subset of all
remaining transmission cycles in the network, for
example those transmission cycles at one hop distance;
and/or

(i1) the extension may be directed to a defined subset of
remaining nodes in the network, for example those
containing predecessor or successor transmission win-
dows of scheduled flows in the given transmission
cycle.

*) It can be of advantage that the length (duration) of a
transmission window is sufficient to account for the
transmission time of the flow, that is the time necessary
to transfer the bits of the message of that flow, as well
as additional jitter, e.g. due to the time synchronization
precision.



US 10,205,607 B2

5

*) It can be of advantage that the duration of a transmis-
sion cycle is the least common multiple (LCM) of all
flows in the network.

*) It can be of advantage when a flow further specifies the
maximum amount of data transmitted at each period
interval and/or an end-to-end maximum latency.

*) It can be of advantage when the steps for adding a new
time-triggered flow into the computer network, in par-
ticular into the running computer network, are carried
out during run-time of the network.

*) For example, the steps for adding a new time-triggered
flow are carried out by the following means:

(1) an external component, e.g. a component which is not
part of the computer network; or

(i1) one component of the computer network, e.g. a
specific node; or

(ii1) a subset of the nodes and/or starcouplers of the
network or of all of the nodes and starcouplers of the
network.

Option (1) implies a central computer acting as a “brain”,
having the knowledge of the network configuration but
not being part of it.

Option (i1) is similar to (i) just that since it is part of the
network it can propagate the results to the network on
its own. Also, due to being part of the network it does
not need to “store locally” all the information as it can
acquire it on demand (e.g. instead of having the com-
plete knowledge of the network configuration it may
“ask” for the pieces it needs at any time).

Option (iii) means that any component (for example, all
starcouplers, or a subset of them) is able to calculate
new schedules and distribute it to through the network.
This allows a distributed solution with no “central
brain”. A simple example would be that the new
schedule is calculated by the sender node of the new
flow, or the first starcoupler on the flow path. Here is
where the “not having the entire knowledge of the
network configuration” really makes a difference, since
none of the devices/components in the network would
need to have the capacity to store that information.

The invention relates to a method and a network for the
transmission of new dynamically scheduled messages in a
time-controlled computer network, e.g. TTEthernet [5],
wherein the network consists of a number nodes connected
to each other by means of one or more star couplers, and said
nodes communicate via scheduled time-triggered messages
based on a global time notion, e.g. SAE AS6802 [1].

The real-time properties of the existing scheduled mes-
sages can be preserved and the real-time properties of the
new scheduled messages are guaranteed.

The preservation of real-time properties refers to the
guaranteed end-to-end latency for the periodic transmission
of messages between one sender node and one or several
receiver nodes. The end-to-end latency is bounded if the
transmission methods ensure that the messages are trans-
mitted at their scheduled point in time (within a small
deviation derived from the clock synchronization impreci-
sion) without occurring in contention with other scheduled
or unscheduled transmissions.

The proposed method relates to dynamically scheduled
transmissions, whereby the transmission of new messages is
scheduled preserving the transmissions of already scheduled
messages. The proposed method enables the addition of new
transmissions.

The computer network comprises nodes and at least one
star coupler, and the nodes are connected to each other in a
multi-hop fashion by means of the star coupler(s). Each node
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is connected to, at least, one star coupler, in particular via a
physical link (communication line). For example, the con-
nection is done via physical ports on each of the devices.
Nodes and star couplers have a limited number of ports, and
therefore a maximum number of connecting physical links.

All nodes and star couplers share a common notion of
time by means of e.g. a time synchronization protocol like,
for example, SAE AS6802 [1] or IEEE 802.1AS [3].

Nodes communicate to each other in a time-controlled
manner by exchanging periodic time-triggered messages.
Time-triggered messages can be defined by the concept of
time-triggered flows, like for example virtual links (VL)
defined in [6]. A virtual link is a logical communication
channel between one sender and one or several receivers.

A time-triggered message, characterized by a time trig-
gered flow (flow), may have the following attributes:

a sender node

one or several receiver nodes

a multi-cast path between the sender and receivers

a period

a maximum message size

a maximum end-to-end latency

The transmission of time-triggered messages, character-
ized by e.g. VLs, follows a schedule. Fach flow is routed
through the network. The routing process consists of finding
a multi-hop network path connecting the sender node with
each of the receivers (using, for example Steiner Trees [4]).

The message is propagated periodically from the sender to
the receiver nodes, in particular via scheduled frames, at
each of the intermediate communication lines constituting
the network path. Therefore, for each physical link on the
network path, a transmission window is scheduled for peri-
odic transmission according to the respective message attri-
butes. Transmission windows are scheduled sequentially
such that the transmission point in time of any intermediate
hop (port) is not scheduled before the precedent transmis-
sion window (e.g. that on the preceding hop (port)).

The beginning of the transmission window is the schedule
point in time, defined as an offset relative to the period, in
which the respective frame or frames carrying the message
will be transmitted. The transmissions are repeated periodi-
cally at the given offset.

The end-to-end latency is guaranteed if the last frames are
received at the receiver nodes within the maximum end-to-
end latency relative to the transmission of the first frame by
the sender node within the current period.

During operation, nodes and star couplers start the trans-
mission of flows on ports at their scheduled points in time
(within a given time precision) following the schedule for
the respective port (referred as transmission cycle). The
transmission cycle comprises the scheduled points in time
for all flows scheduled on that port. The schedule repeats
cyclically according to the network cycle, typically the least
common multiple of the periods of all flows.

The generation of a network schedule comprising the
periodic transmission of frames for all flows satisfying their
end-to-end latency and without contention is a complex
operation. Therefore, it is typically calculated and distrib-
uted offline and static during operation (e.g. does not change
dynamically).

Given a time-controlled computer network as described
above in operation, the invention relates to a method to add
transmitted time-triggered flows (characterized by e.g. new
VLs), wherein the transmission points in time of the respec-
tive frames are scheduled without altering the real-time
properties (in particular the end-to-end latency, and/or send-
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ing time, and/or receiving time) of the already scheduled
time-triggered flows and the real-time properties of said new
flows are guaranteed.

The invention also relates to a method for the transmis-
sion of time-triggered flows, characterized by e.g. a VL,
wherein the transmission windows and transmission points
in time for the respective flows are scheduled without
producing any modification to the transmission windows of
any already scheduled transmission maintaining the real-
time properties (in particular the end-to-end latency, and/or
sending time, and/or receiving time) of other transmissions,
and guaranteeing the real-time properties of said new flows.

The invention also relates to a method for the transmis-
sion of time-triggered flows, characterized by e.g. a VL,
wherein the transmission windows and the transmission
points in time for the respective flow are scheduled intro-
ducing modifications to the transmission windows of other
already scheduled transmissions, maintaining the end-to-end
real-time properties of the existing transmitted flows, and
the real-time properties (in particular the end-to-end latency,
sending time, and/or receiving time) of said new flows is
guaranteed.

The invention also relates to a method for the transmis-
sion of messages, characterized by e.g. a VL, wherein the
transmission windows and the transmission points in time
for the respective flow are scheduled introducing modifica-
tions to the transmission windows of other already sched-
uled transmissions, and the amount of transmission cycles
for which transmission changes may be required is variable
and less than the complete set of transmission cycles in the
network.

The invention also relates to a method for the transmis-
sion of messages, characterized by e.g. a VL, and the
dynamic calculation of the transmission windows and trans-
mission points in time for the respective flow, wherein the
amount of nodes and star couplers for which information
about their transmission cycles is required is variable and
less than the complete set of transmission cycles of all nodes
and star couplers in the network.

BRIEF DESCRIPTION OF THE DRAWINGS

The specific features and advantages of the present inven-
tion will be better understood through the following descrip-
tion. In the following, the present invention is described in
more detail, in particular with reference to exemplary
embodiments (which are not to be construed as limitative)
depicted in drawings:

FIG. 1 shows an example of a time-controlled computer
network,

FIG. 2 shows the scheduled transmission of a flow with
the corresponding transmission cycles of the nodes consti-
tuting its network path,

FIG. 3 shows a detailed representation of the transmission
cycle depicted in FIG. 2,

FIG. 4 shows the transmission schedule of FIG. 3 with a
new time-triggered message to be transmitted,

FIG. 5 shows the result of reorganizing the transmission
schedule shown in FIG. 4 according to the invention, and

FIGS. 6-9 a further example for an implementation of the
method according to the invention.

DETAILED DESCRIPTION

FIG. 1 shows an example of a time-controlled computer
network comprising three time-controlled star couplers (for
example, switches) 110, 120, and 130, and six nodes (for
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example, end systems) 111, 112, 121, 122, 131, 132. All
components are connected via bidirectional lines as shown
in FIG. 1 and have a common time-base, for example as
defined in TTEthernet [1]. Time-triggered (TT) messages
are transmitted following a pre-configured global cyclic
schedule (“transmission schedule™). TT messages can be
transmitted in coexistence with other traffic (best effort).

Such a global distributed schedule determines exact
points in time for the transmission of messages between the
network components, in a way that the transmissions
through the shared lines is realized without contention/
conflict. The calculation of the schedule is computationally
intense, and therefore it is typically performed offline (i.e.
prior to the network start-up) and distributed fully or par-
tially to each of the components. At run-time, the global time
base, within a known precision, is available to all compo-
nents, and used to execute the transmission schedule in a
cyclic and coordinated manner.

Non-scheduled traffic can be transmitted during the sparse
time between scheduled transmissions, in a way that the
interference to scheduled transmissions is either avoided or
bounded to a known maximum delay.

The transmission of scheduled messages is logically orga-
nized according to the concept of flows, in particular time-
triggered flows (“TT-flows™). A flow, in particular a TT-flow
relates to one sender node (e.g. end system) and one or
multiple receivers (receiving nodes), as well as a physical
path (communication lines) between them and an amount of
information to be transmitted (message size) as well as the
periodicity of the communication (period). The message is
propagated periodically from the sender to the receiver
nodes, in particular via scheduled frames, at each of the
intermediate communication links constituting the network
path.

The transmission of frames is specified by means of a
transmission window within a transmission cycle. A trans-
mission window starts with the transmission event (point in
time) and has a duration, at least, sufficient to transmit the
number of frames necessary to transport the message.
Optionally, the transmission window may be enlarged to
account for the time synchronization inaccuracy between
nodes (precision), or additional delays involved in the com-
munication.

In TTEthemet, TT-Flows follow the definition of Virtual
Links (VL) provided in [6], with the peculiarity of defining
a message size that fully fits in the payload of one Ethernet
frame. The transmission of messages in a VL originates at
the sender and propagates through the physical path until
each receiving node is reached. Each of these propagation
steps implies a scheduled frame transmission after the
reception of the previous frame. Additional constraints may
be provided for VLs, for example a maximum end-to-end
transmission deadline, referring to the maximum allowed
interval for the propagation of frames from sender to receiv-
er(s).

Let vl be a virtual link with sender node 121 and receiver
node 131 in the network depicted in FIG. 1. The network
path is hence composed by the sequence {121, 120, 130,
131}, as extracted from FIG. 1. Let the period as well as the
end-to-end deadline of v, be 100 ms.

FIG. 2 illustrates the periodic transmission of frames
originated by vl, within the transmission cycles 150, 160,
170 of the three nodes conforming the respective network
path. Note that in this example only the transmission events
are scheduled, hence node 131, the receiver, does not appear
in FIG. 2. Respectively, reference sign 150 represents the
cyclic transmission of frames from vl, in node 121, refer-
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ence sign 160 that in node 120, and reference sign 170 in
node 130. Each of the transmission cycles represents a cycle
duration of 100 ms starting from the top most point in time
(200, 300, and 400) and progressing clockwise. Preferably,
the clock is synchronized globally at every cycle; hence the
time progression is homologous for all systems, within a
known synchronization precision.

In essence, at the point in time 200 a transmission event
for a message of vI_ occurs at node 121 which initiates the
transmission of a frame taking place until time 210. Node
120 receives the frame and transmits a succeeding frame at
time 310, being the transmission finished by, at most, 320.
Similarly, node 130 transmits a succeeding frame at 410,
finishing by 420. This transmission cycle repeats endlessly
in a coordinated manner.

Note that event 310 can only occur after event 210, as the
frame transmission in node 120 directly depends on the
previous reception of the frame transmitted by node 121.
Analogously, event 410 depends on the occurrence of event
320. In essence, for the second and following frames propa-
gated along the network path of a VL, the transmission can
only be initiated after the previous frame of the VL has
arrived at the current node.

FIG. 3 provides a detailed representation 180 of the
transmission cycle depicted in FIG. 2 including other sched-
uled transmissions in the same communication line for node
120 (dark gray), in addition to those of vl, (light gray)
already depicted in FIG. 2. We observe that additional
transmissions can be guaranteed between the transmission
windows 301-310 and 320-321. Note that a transmission
cycle defines the outgoing transmissions of one single
communication line of the respective node (often referred as
ports). Therefore, representation 180 depicts only the trans-
mission cycle of node 120 for the communication line
between nodes 120 and 130. Also note that similarly to the
sequential transmissions depicted in FIG. 2, the transmis-
sions of frames shown in FIG. 3 have dependencies to
previous transmissions from nodes 121, 122 or 110 as part
of VL paths traversing node 120.

Assume that once the network is operational and the
transmission cycle of each node is continuously being
executed in a time-controlled manner, a new VL, vl,, for
example with source node 112 and destination (receiver
node) 132 is required. Such scenario may arise when, for
example, a new node is plugged into one of the existing star
couplers and requests a new deterministic route through the
network. Similarly, it may occur if a new application starts
execution in one of the existing nodes, and such application
requests a new deterministic communication route through
the network.

Let the period as well as end-to-end deadline of the newly
requested vl, be 50 ms. Note that this implies that two
instances of v, will fit within one cycle of 100 ms, resulting
in that two transmissions, one in the first half of the cycle
and one in the second half, need to be scheduled.

The communication path of vl,, {112, 110, 120, 130,
132}, traverses star coupler 120 through the same line as v1,,.
Therefore, the transmission of messages from vl, requires
modifications to the transmission cycles of the respective
nodes in order to schedule the necessary frame transmissions
within the respective cycles. This reduces to finding unused
intervals along the cycles comprising the communication
path large enough to transmit the respective frames respect-
ing the logical order and message propagation dependencies.

Assume that, due to the sequential propagation of the
message along the path, and in particular, the dependencies
with the preceding transmission windows, the transmission
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due in the star coupler 120 can only initiate after the point
in time 302, depicted in FIG. 4. Note however, that the
transmission window 302-303 overlaps with the previous
communications, as depicted in the cycle superposition 181.
In fact, it is not possible to find a free interval to schedule
the new frame within the first half of the 100 ms cycle,
which renders the end-to-end communication deadline of 50
ms unfeasible.

Without additional knowledge of the dependencies
towards previous and following transmissions, the existing
pre-configured transmission schedule cannot be modified. In
essence, any change on the transmission cycle would poten-
tially result in a misalignment with the dependent cycles of
the neighbor hops and therefore, the loss of determinism in
the global communication. Considering the complete net-
work configuration with the dependent communications of
all nodes and star couplers would allow a smart realignment
of transmissions leading to a valid solution, if one exists.
However, this implies a potentially large amount of infor-
mation to be handled, which may result impractical for large
network configurations with, for example, hundreds or thou-
sands of nodes and star couplers.

The modification of existing transmission cycles, there-
fore, requires certain knowledge of the dependent transmis-
sions and the propagation effects of any modification per-
formed on the transmission cycles of other hops. For
instance, delaying one transmission in the current cycle of
any intermediate hop may imply readjusting the dependent
transmission of the following hop such that the subsequent
transmission is also delayed if needed, solving any possible
misalighment due to the introduced delay. This may poten-
tially propagate the delay recursively until the end node
receiving the message of the respective VL, but it may also
propagate to transmissions of messages from other VLs
being shuffled to avoid contention due to the modifications
in the transmission cycles. Essentially, this kind of adjust-
ments may originate a cascade effect affecting the entire
network configuration.

EXAMPLE 1

To circumvent this effect, the present invention introduces
a novel method comprising an iterative process, in which
advantageously any transmission cycle is only modified if
the dependencies of the target transmission are known. The
initial information required is reduced to the transmission
cycle of the hop where the new transmission is being added.
If no interval is available for the new transmission, the
knowledge is extended with the transmission cycles of
immediate neighbor hops. This allows transmissions in the
current cycle to be shuffled between the limits imposed by
the directly dependent transmissions (i.e. previous and fol-
lowing hops).

Representation 182 in FIG. 5 depicts the result of reor-
ganizing the transmission schedule shown in 181, now with
the additional information of the transmission cycles of
neighbor hops. As shown in FIG. 5, the transmission accord-
ing to vl, scheduled previously in the time interval 310-320
in node 120 (see FIG. 4) is now relocated to an interval
321-322. This change is possible since the following trans-
mission occurs in the neighbor hop 130 at point 410 (see
FIG. 2), and point in time 410 is after the point in time 322,
hence allowing shuffling the transmission without affecting
the real-time properties (in particular the end-to-end latency,
sending time, and/or receiving time) of the respective time-
triggered message.
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If shuffling transmissions of an existing transmission
cycles considering the direct neighbors does not render
sufficient gap to accommodate the new transmission win-
dow, further adjustments are sought by extending the infor-
mation relative to the transmission cycles to, for example,
the transmission cycles to one additional hop, and modifying
the neighbor transmissions recursively in a similar fashion,
hence resulting in an iterative process. In essence, the
transmission cycles of nodes and star couplers with depen-
dent transmissions are modified, preserving the real-time
properties of existing messages, such that new transmissions
can be allocated and their real-time properties guaranteed.

This approach allows for two dimensions of control
towards the propagation of changes with a direct impact on
the required amount of knowledge (information of transmis-
sion cycles) as well as the computation efforts. On one hand,
the extension of the information regarding the transmission
cycles of neighbor nodes can be limited, for each iteration,
to a subset of all possible. This may result in some trans-
missions being not modifiable in the current cycle due to the
lack of information of the respective dependencies. On the
other hand, the number of iterations, and hence the propa-
gation of changes to further nodes and their respective
cycles can also be limited, hence concentrating changes
locally. These two levels of control allow the introduction of
new scheduled transmission in large networks, like e.g. the
Internet, in which considering a complete knowledge of the
entire network configuration is unfeasible, as well as nodes
to alter—if needed—the transmission schedule of their close
neighbors based on a cluster organization. In this way, it is
possible to realize these actions within embedded devices
with limited computing and processing resources (for
example, within the network starcouplers) acquiring the
distributed information regarding transmission cycles of
neighbor hops as needed (“on the fly”), for instance by
running dedicated network discovery and transport proto-
cols.

EXAMPLE 2

Let Fy,, be a time-triggered flow with sender node 112
and receiver node 131 in the network depicted in FIG. 1. The
network path is hence composed by the sequence {112, 110,
120, 130, 131}, as extracted from FIG. 1. Let the period as
well as the end-to-end delay specified for F5,, be 100 ms.

FIG. 6 shows the transmission cycles corresponding to the
ports (communication lines) of each of the nodes in the
network path. Respectively, 1120 depicts the transmission
cycle in node 112, 1110 the cycle of node 110, 1200 depicts
the cycle of node 120 and 1300 the cycle of node 130.

The transmission windows for the respective frames of
Fsy0 scheduled on each cycle are depicted respectively as the
gray areas between 510-520, 530-540, 550-560 and 570-
580. All transmission cycles depicted represent a time inter-
val of 100 ms.

The depicted transmission cycles enable the periodic
transmission of Fs,, within the defined end-to-end delay
(deadline).

Assume once the system is operational and the transmis-
sion cycle of each node is continuously being executed in a
time-controlled manner, a new time-triggered flow, F,,
with source node 121 and destination 131 is required. The
network path for Fe,, is hence composed by the sequence
{121, 120, 130, 131}, as extracted from FIG. 1, hence
intersecting with the path of Fy, in the starcouplers 120 and
130. Let the period as well as the end-to-end delay of F
be 50 ms. Note that the period and end-to-end latency of F,
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are half of the period and end-to-end latency of Fs,, and
therefore, two instances of Fy,, shall be scheduled in the
current transmission cycles with length 100 ms.

FIG. 7 depicts the initial attenipt of allocating F, within
the transmission cycles of the respective ports. Note the two
instances before and after the middle point 800 of the
respective cycles illustrated with horizontal and vertical
pattern filling, respectively. The transmission cycle of node
121 is depicted in 1210, while 1201 and 1301 are updated
versions of 1200 and 1300 introduced in FIG. 6.

Note that the second instance (after point 800) in cycle
1201 cannot be placed earlier than 730-740, as the trans-
mission 550-560 of Fs,, is present. Looking at 1201 it is
clear already that the end-to-end deadline cannot be satisfied
for Fyy0, as the remaining gap is not sufficient to schedule the
following transmission. As a result, in 1301 the transmis-
sions 750-760, as well as its homologous 650-660, are
clearly exceeding the end-to-end limit of 50 ms.

To find a valid placement for Fg,,, we use the method
described in this invention to apply suitable modifications to
the transmission cycles in order to correctly allocate the
transmission windows.

The initial set K of transmission cycles corresponding to
those directly affected by the new transmission F, is
considered as K={1210, 1200, 1300}.

It is clear from the previous attempt that windows 570-
580 and its predecessor 550-560 make it impossible to
allocate the new window within the expected time. Window
570-580 has dependencies towards window 550-560, how-
ever, both are scheduled almost “back-to-back”, and there-
fore, shifting the window does not render a sufficiently large
gap.

Window 560-550 cannot be modified, since the dependent
transmission is within a cycle not contained in K.

In this case, we proceed to extend the set, to contain the
cycles of neighbor nodes. In particular, K is extended to
K={1210, 1200, 1300, 1110}. Now the dependent window
540-530 is found within the known cycles. However, once
again, the two dependent transmissions (540-530 and 550-
560) are scheduled tightly to each other, and no combination
of shifting renders a sufficiently large gap.

In yet a new iteration, K is extended to K={1210, 1200,
1300, 1110, 1120}. Now we observe that the dependent
window of 530-540, which is 510-520, is scheduled with a
large gap. This allows 530-540 to be shifted to a new
position, depicted in FIG. 8 as 531-541. This shift allows
window 550-560 to be equally shifted to 551-561, and
ultimately, window 570-580 to be shifted to 571-581.

The modifications in the transmission cycles contained in
K allow a new placement of the transmissions for the new
flow. As a result, FIG. 9 shows the modified transmission
cycles (respectively 1203, 1303) where the transmissions of
Feoo are scheduled, now within the maximum required
end-to-end delay.
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The invention claimed is:

1. Amethod for transmitting messages in a time-triggered
computer network, the computer network comprising as
network components at least one star coupler and nodes, the
network components being connected in a multi-hop fash-
ion, wherein nodes in the computer network periodically
exchange time-triggered (TT) messages according to a pre-
defined transmission schedule, and wherein the nodes
exchange, according to the transmission schedule, messages
via scheduled time-triggered flows, wherein a time-triggered
flow specifies at least the following information:

sender node and a destination node;

a multi-hop path between the sender node and the desti-
nation node;

message size; and

message period,;
wherein:

the transmission of messages at each node and star
coupler is driven by the transmission schedule executed
cyclically:

the transmission schedule is decomposed into sub-sched-
ules for each transmitting port of each network com-
ponent;

each sub-schedule is executed locally by the correspond-
ing network component according to a transmission
cycle;

each transmission cycle has a duration which is a multiple
of the period time of all transmitted flows by the port
of the network component;

the transmission cycle of each hop in the flow path is
chosen such that a scheduled interval, the “transmission
window”, for the transmission of each flow is guaran-
teed;

the length of the transmission window is sufficient to
account for the transmission time of the message;

the transmission windows for a given flow along the flow
path are sequenced in time such that the transmission of
the flow on a given port is scheduled after the trans-
mission of the previous port; and

transmission windows of different flows do not overlap in
time on a given transmission port, and

wherein, for adding a new time-triggered flow into the
computer network, the method comprises:

(D) determining, for each hop in the new flow path of the
new time-triggered flow, a free transmission gap in the
transmission cycle of the corresponding port, wherein
the transmission gap has to be sufficiently long to place
a transmission window for the new time-triggered flow;

(II) modifying, in case that a sufficiently long transmis-
sion gap is not free in the transmission cycle, the
transmission cycle, by modifying, in particular shifting,
at least one existing transmission window in the trans-
mission cycle, wherein
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(1IT) modifying transmission cycles takes place iteratively,
wherein
(a) initially, only transmission cycles being part of the

flow path are in a set of known transmission cycles
considered for modification;

(b) shifting one or more transmission windows of flows
that are already being transmitted according to the
pre-defined transmission schedule and correspond-
ing to the set of known transmission cycles consid-
ered for modification until a sufficiently large trans-
mission gap is available in the transmission cycle or
all shifting possibilities have been exhausted;

(c) if for a given transmission cycle, the previous steps
(IID)(a) and (IIT)(b) do not render a sufficiently large
transmission gap in the transmission cycle to place
the transmission window of the new time-triggered
flow, the set of known transmission cycles being
considered for modification is extended; and

(d) steps (b) and (c) being repeated until a sufficient gap
is found, the cumulated knowledge is equal to the
entire network, or a predefined time out has been
reached, and

(IV) if a sufficient transmission gap is found in each
transmission cycle along the flow path, the new time-
triggered flow is incorporated into each of the trans-
mission cycles and is executed periodically.

2. The method of claim 1, wherein step (II) is carried out

with the following restriction(s):

() an existing transmission window can be shifted within
this transmission cycle within the limits imposed by the
end of the predecessor transmission window and the
beginning successor transmission window(s) in the
respective transmission cycles; and/or

(b) the transmission windows of the first and last hops
cannot be shifted.

3. The method of claim 1, wherein according to step

(III)(b) it is further provided that:

(1) if the preceding transmission window of the transmis-
sion window in question is known, then the transmis-
sion window in question can be advanced at most until
the end of the predecessor transmission window; and

(i) if the succeeding transmission window(s) is(are)
known, then a transmission window in question can be
delayed at most until the beginning of that succeeding
window or, in the case of two or more succeeding
transmission windows, until the beginning of the ear-
liest succeeding transmission window.

4. The method of claim 1, wherein in step (IIT)(c):

() the extension is limited to a defined subset of all
remaining transmission cycles in the network; and/or

(i) the extension is directed to a defined subset of
remaining nodes in the network.

5. The method of claim 1, wherein the length of a
transmission window is sufficient to account for the trans-
mission time of the flow.

6. The method of claim 1, wherein the duration of a
transmission cycle is the least common multiple (LCM) of
all flows in the network.

7. The method of claim 1, wherein a flow further specifies
the maximum amount of data transmitted at each period
interval and/or an end-to-end maximum latency.

8. The method of claim 1, wherein the steps for adding a
new time-triggered flow into the computer network are
carried out during run-time of the network.
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9. The method of claim 1, wherein the steps for adding a
new time-triggered flow are carried out by:

(1) an external component; or

(i) one network component of the computer network; or

(ii1) a subset of the nodes and/or starcouplers of the
network or of all of the nodes and starcouplers of the
network.

10. A time triggered computer network comprising:

network components comprising at least one star coupler
and nodes, which network components are connected
in a multi-hop fashion, wherein the nodes in the com-
puter network periodically exchange time-triggered

(TT) messages according to a pre-defined transmission

schedule, and wherein the nodes exchange, according

to the transmission schedule, messages via scheduled
time-triggered flows, wherein a time-triggered flow
specifies at least the following information:

sender node and destination node;

a multi-hop path between the sender node and the desti-
nation node;

message size;

message period,;

wherein:

the transmission of messages at each node and star
coupler is driven by the transmission schedule executed
cyclically;

the transmission schedule is decomposed into sub-sched-
ules for each transmitting port of each network com-
ponent,

each sub-schedule is executed locally by the correspond-
ing network component according to a transmission
cycle,

each transmission cycle has a duration which is a multiple
of the period time of all transmitted flows by the port
of the network component,

the transmission cycle of each hop in the flow path is
chosen such that a scheduled interval, the “transmission
window”, for the transmission of each flow is guaran-
teed,

the length of the transmission window is sufficient to
account for the transmission time of the message,

the transmission windows for a given flow along the flow
path are sequenced in time such that the transmission of
the flow on a given port is scheduled after the trans-
mission of the previous port, and

transmission windows of different flows do not overlap in
time on a given transmission port,

wherein the computer network further comprises means,
is operably connected to means, or is configured 1o be
operably connected to means, for adding a new time-
triggered flow into the computer network, which means
are adapted to carry out the following steps:

(I) determining, for each hop in the new flow path of the
new time-triggered flow, a free transmission gap in
the transmission cycle of the corresponding port,
wherein the transmission gap has to be sufficiently
long to place a transmission window for the new
time-triggered flow;

(II) modifying, in case that a sufficiently long trans-
mission gap is not free in the transmission cycle, the
transmission cycle by modifying, in particular shift-
ing, at least one existing transmission window in the
transmission cycle, wherein

(1IT) modifying transmission cycles takes place itera-
tively, wherein
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(a) initially, only transmission cycles being part of
the flow path are in a set of known transmission
cycles considered for modification;

(b) shifting one or more transmission windows of
flows that are already being transmitted to the
pre-defined transmission schedule and corre-
sponding to the set of known transmission cycles
considered for modification until a sufficiently
large transmission gap is available in the trans-
mission cycle or all shifting possibilities have
been exhausted;

(c) if for a given transmission cycle, the previous
steps (IlI)(a) and (IIT)(b) do not render a suffi-
ciently large transmission gap in the transmission
cycle to place the transmission window of the new
time-triggered flow, the set of known transmission
cycles being considered for modification is
extended;

(d) steps (b) and (c) being repeated until a sufficient
gap is found, the cumulated knowledge is equal to
the entire network, or a predefined time out has
been reached,

(IV) if a sufficient transmission gap is found in each
transmission cycle along the flow path, the new
time-triggered flow is incorporated into each of the
transmission cycles and is executed periodically.

11. The computer network of claim 10, wherein step (II)
is carried out with the following restriction(s):

() an existing transmission window can be shifted within
this transmission cycle within the limits imposed by the
end of the predecessor transmission window and the
beginning successor transmission window(s) in the
respective transmission cycles; and/or

(b) the transmission windows of the first and last hops
cannot be shifted.

12. The computer network of claim 10, wherein according

to step (IIT)(b) it is further provided that:

(1) if the preceding transmission window of the transmis-
sion window in question is known, then the transmis-
sion window in question can be advanced at most until
the end of the predecessor transmission window; and

(i1) if the succeeding transmission window(s) is (are)
known, then a transmission window in question can be
delayed at most until the beginning of that succeeding
window or, in the case of two or more succeeding
transmission windows, until the beginning of the ear-
liest succeeding transmission window.

13. The computer network of claim 10, wherein in step

([I)(c):

(1) the extension is limited to a defined subset of all
remaining transmission cycles in the network; and/or

(ii) the extension may be directed to a defined subset of
remaining nodes in the network.

14. The computer network of claim 10, wherein the length
of a transmission window is sufficient to account for the
transmission time of the flow.

15. The computer network of claim 10, wherein the
duration of a transmission cycle is the least common mul-
tiple (LCM) of all flows in the network.

16. The computer network of claim 10, wherein a flow
further specifies the maximum amount of data transmitted at
each period interval and/or an end-to-end maximum latency.

17. The computer network of claim 10, wherein the steps
for adding a new time-triggered flow into the computer
network are carried out during run-time of the network.
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18. The computer network of claim 10, wherein the means
for carrying out the steps for adding a new time-triggered
flow are or comprise:

(1) an external component; or

(ii) one network component of the computer network; or s

(iii) a subset of the nodes and/or starcouplers of the

network or of all of the nodes and starcouplers of the
network.
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