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Abstract— 1t is well known that the ability to support pre-
dictable interprocess communication is of great significance to
computer-integrated manufacturing and process control systems.
In this paper, we propose a strategy for an industrial standard,
the SP-50 FieldBus, to support both intracell and intercell real-
time communications. We first describe our strategy in detail
and show that it is compatible with the current FieldBus draft
standard. Under our strategy, the capacity of each link is divided
into two parts. The first part is managed by the local link active
scheduler (LAS) for intracell (intralink) communication. The sec-
ond part is managed by a proposed global network manager for
intercell (interlink) communication. By dividing the link capacity
in this way, our strategy allows for fast local intracell connection
establishment, while supporting global intercell connections. Us-
ing two examples, one for typical manufacturing systems and the
other for multimedia networking, we also demonstrate the power
and utility of the proposed strategy as compared to token-passing
protocols,

I. INTRODUCTION

N AUTOMATED FACTORY (AF) is usually composed

of several workcells (or simply cells), each of which
contains robots, sensors, and transport mechanisms. A mul-
tiaccess bus connects all devices in a workcell. Bridges then
connect multiple workcells to form an AF. Hence, the network
of an AF consists of many links, each of which is usually a
multiaccess bus. The ability to provide predictable interprocess
communication is of great significance to an AF, because

unpredictable communication delays may lead to missing the*

deadline of one or more communicating tasks that collectively
monitor and control manufacturing equipment and processes.
In this paper, we will address the real-time communication
issue of the FieldBus protocol which is designed to support
time-critical communication to and from devices in manufac-
turing and/or process control systems.

Although computer networking has been extensively re-
searched, its specific application to AF’s has not yet been
addressed thoroughly. Most of analytic research deals with
the general area of network communication, focusing on
flexible systems design and performance evaluation. However,
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real-time communication between devices in an AF has sel-
dom been addressed. The manufacturing automation protocol
(MAP) which was proposed by GM and other companies
for the AF network is based on the OSI seven-layer model
and the token bus protocol, IEEE 802.4. The MAP can
provide some limited form of real-time communication, but it
cannot guarantee the delivery of time-critical messages before
their deadlines. In fact, the MAP only provides temporal
ordering between devices based on their priorities. The seven-
layer MAP is usually too slow to be used for real-time
communication, since there are at least 14 layers’ delays in
a single one-way message communication. Another protocol
called MINIMAP employs only the first two layers of MAP
and combines the remaining five layers into a single layer.
MINIMAP is expected to reduce the communication delay,
but it still leaves the real-time issue unaddressed. Token-ring
type protocols cannot be used either, for the same reason as
the token bus. CSMA/CD type protocols are not applicable to
real-time systems because of their unbounded communication
delays. As we shall see, the FieldBus has only three layers,
reserves the required communication capacity in advance for
each real-time channel (a point-to-point unidirectional connec-
tion which can provide end-to-end delivery delay guarantees),
and uses a centralized scheme for scheduling messages in order
to guarantee the delivery of real-time messages before their
deadlines.

The problem of supporting time-constrained communication
has been studied by several researchers, since it plays.an
important role in many applications, such as exchange of
control messages and audio- and video-transmissions over a
communication network. Most of these efforts can be classified
into two categories. The first category is mainly concerned
with the design of medium access protocols for multiaccess
networks subject to timing constraints in delivering messages.
In this context, most of the proposed schemes can be classified
as best-effort schemes in which the system tries to ensure that
most messages can meet their deadlines, but it cannot give
any guarantee of delivery time [13], [17]. However, based
on the given information about the message arrival/generation
pattern, some of them can make guarantees about their delivery
time [18]. The other category deals with the problem of
establishing real-time point-to-point channels and providing
guarantees of maximum delivery delays [4], [9], [11]. The
main issues addressed in these schemes are message sched-
uling, buffer management, and flow control in the network
nodes. However, the type of networks used in these schemes
is not suitable for manufacturing automation systems for the
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following two reasons. First, using a point-to-point network
to connect all devices in a workcell is not practical because
the network could become too complex. to manage if there
are tens of devices in a workcell. Second, these schemes may
suffer the long delay of channel establishment, even when two
communicating nodes are physically close to each other.

Since most time-critical communications are likely to occur
between two devices in the same workcell, a fast connection
establishiment procedure is desirable. Therefore, a multiaccess
bus is a natural candidate for connecting devices in a workcell.
On the other hand, since the ability to provide predictable
communication between any two devices is also essential
to the system, we will focus on quick real-time channel
establishment within a workcell (i.e., two nodes on the same
multiaccess bus), while providing the ability to support real-
time communication between any two workcells.

The paper is organized as follows. In Section II, we state the
problem of supporting time-constrained communication under
the FieldBus protocol. The proposed approaches are discussed
in Section III. Section IV discusses the compatibility between
the proposed protocol and the FieldBus protocol draft. The per-
formance of the proposed protocol is comparatively analyzed
in Section V, and the paper concludes with Section VI

II. PROBLEM STATEMENT

Our main goal is to analyze and/or ephance the data link
layer of FieldBus protocol which is designed to support time-
critical communication in process control and manufacturing
systems. Most of the data link layer protocol of FieldBus has
already been well developed. However, the support for time-
critical’ communication is left unspecified. To facilitate our
presentation, we need to briefly describe the FieldBus data
link layer protocol.

In order to reduce communication latencies, unlike the

OSI seven layer model, the FieldBus has only three layers:
physical layer, data link layer, and application layer. Since a
manufacturing system is composed of many workcells, and
each workcell contains a multiaccess bus which connects
all the devices in the workcell, the entire network is a
collection .of ‘multiaccess buses which are further connected
via several bridges. A data link entity (DLE) of FieldBus
is a logically active object, such as a part of the network
operating system, which can send/receive packets to and
from the interconnection network and acts according to the
data link layer protocol of FieldBus. Hence, there could be
several DLE’s on a node which is physically attached to the
interconnection network, such as computers, sensors, or any
manufacturing devices. However, it is conceptually simple to
treat each DLE as a node. Thus, the terms “DLE” and “node”
will be used. interchangeably.

The data link layer protocol of FieldBus is a delegated token
protocol. There is a central control entity on each multiaccess
link which is responsible for scheduling messages on the local
link, i.e., this central control entity is responsible for. managing
the token. The data link layer service of FieldBus provides
both connectionless and connection-oriented communication
between two peer communicating DLE’s. The connection-

oriented communication service, which supports both real-time
and nonreal-time communication, requires the soutce DLE to
establish a connection, thus allowing the source and interme-
diate nodes to collect and exchange the information needed
for the delivery of packets, e.g., buffer requirements and route
information. In general, static routing is used for the delivery
of connection-oriented packets, although it is not required by
the FieldBus standard [2], [3]. If a real-time connection is
requested, the system also has to reserve sufficient bandwidth
and perform appropriate admission tests during the connection
establishment. The connectionless service, which supports~
only nonreal-time communication, is similar to tradltlonal
multiaccess packet switching networks.

There are three classes of DLE’s in the FieldBus data link
layer protocol: Basic, Link Master (LM), and Bridge. The LM
class DLE’s can also act as another distinct “class” of DLE’s:
link active scheduler (LAS). Every LM class DLE’s have the
capability to be a LAS, but each time exactly one LM DLE can
act as the LAS of a FieldBus link. In order to avoid confusion,
the LM class represents. those LM DLE’s which currently do
not act as a LAS in the rest of this paper unless explicitly
stated otherwise. _

Basic and LM classes are conceptually the same, except that
the LM class DLE’s are equipped with more functions, while
the Basic class DLE’s have only those functions which are
absolutely necessary for adequate operations on a FieldBus
network. In general, these two classes of DLE’s are the “user”
nodes on the FieldBus networks. o

Unlike other 'popular timed-token protocols (e.g., token
rings, token buses, FDDI), FieldBus has a control unit, LAS
DLE, for each FieldBus link. (Note that a FieldBus network
consists of a set of links.) The LAS DLE is responsible
for scheduling messages on the local link. It receives, and
responds to, scheduling requests from all DLE’s on the same
link by giving a token to one of these DLE’s which then
assumes the exclusive right to use the link over some period
of time specified in the token. A bridge DLE which performs
a store-and-forward function to connect two or more separate
multiaccess links. In the draft standard: of the FieldBus data
link layer protocol [2], [3], the rd}lﬁng strategy used by bridges
is not specified. However, the transparency of bridges to the
source node is implicitly assumed in the draft standard.

All of the normal communication requests for use of a
link are scheduled by the link’s LAS. The LAS generates
“polling” tokens for DLE’s on the link, and the receiver
DLE responds immediately by returning a message which may
include requests for future scheduling and the priorities of the
current requests. The LAS derives a schedule according to
some policy and provides the token to the “winner” DLE.

Based on the above brief description: of FieldBus protocol
and the pature of workcells in"an AF, Wn/nost of time-critical
communication can be handled by the local LAS, since most
of real-time communication is likely to take place between
two peer DLE’s on the same link. As mentioned before,
time-constrained communication on a multiaccess bus has .
been extensively researched. However, most of the proposed
schemes cannot give any. guarantee on the message delivery
delay. Although some of them might be able to support

J
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predictable communication, they require a priori information
about the message arrival patterns. In order to provide pre-
dictable communication services, the authors of [11] proposed
a scheme which can give a guarantee on maximum message
delivery delays by introducing a centralized network manager,
which is responsible for establishing a real-time point-to-
point channel between two communicating nodes based on
‘the worst-case resource requirement of the channel. With three
parameters—maximum message size, maximum message rate,
and maximum burst size—which will be given in the channel
establishment phase, the scheme in [11] can give an end-to-
end guarantee on the message delivery delay. However, their
scheme is built on a point-to-point interconnection network
which is seldom used in manufacturing systems due to its
inherent complexity. Besides, the centralized connection es-
tablishment process could be very slow, since each connection
request has to traverse several links to the network manager
and a reply must be sent back to both. the requesting and
destination nodes. Therefore, even if two peer nodes are on
the same link, the connection establishment process is time-
consuming.

In the draft standard of FieldBus protocol [2], [3], a dis-
tributed scheme is implicitly assumed, since the existence of
a network manager is not mentioned at all. A distributed
scheme can handle nonreal-time communication well, but
its ability for handling real-time communication is limited.
In order to provide predictable communication for real-time
applications, the system has to reserve certain resources (e.g.,
link bandwidth), verify that certain conditions are met (e.g., the
end-to-end delivery delay is small enough), and guarantee that
these conditions will always be met during the lifetime of the
application. A distributed scheme can handle these operations
well if the two peer DLE’s are on the same link. However, if
the two communicating peer DLE’s are located on different
links, there are several serious disadvantages associated with
a distributed solution. The most significant is the difficulty in
coordinating bridges. Without a centralized network manager,
each bridge has to be equipped with complete information of
the real-time traffic load on each node and each link, and the
routes to all the other nodes. Note that since real-time messages
have higher priority than nonreal-time messages, we ignore the
load of nonreal-time traffic when the system deals with the
information for real-time communication. No matter how the
information is collected, it is very difficult and expensive to
keep the information up-to-date, since frequently broadcasting
and processing such information will consume significant
link capacity and CPU time. For nonreal-time connectionless
traffic, the system can still use conventional routing methods
to deliver nonreal-time packets, i.e., each bridge still needs a
routing table for nonreal-time messages. This routing table (for
nonreal-time connectionless communication) is much easier
to construct and maintain than that for both real-time and
nonreal-time traffic. Since the goal of this paper is to provide
predictable communication for the FieldBus protocol, we will
focus on real-time traffic and ignore nonreal-time traffic in the
rest of the paper.

For the above reasons and in order to provide predictable
communication services with the FieldBus protocol while

avoiding the disadvantages in both distributed and central-
ized schemes, we propose a hybrid approach. The real-time
communication problem associated with the FieldBus protocol
can be decomposed into two related subproblems. The first
subproblem is to provide real-time communication between
two peer DLE’s on the same link. The second subproblem
deals with the ability to establish real-time channels between
two peer DLE’s located on two different links. As mentioned

above, establishing a connection between two communicating

DLE’s and reserving all the required resources are the only
way to achieve predictable communication. Since the first
subproblem is more likely to happen than:the second one,
the connection establishment procedure and the resource man-
agement for the connections of two peer DLE’s on the same
link should be fast and efficient. For the second subproblem,
in order to improve the utilization of the entire network, and
facilitate the routing problem between two peer communicat-
ing DLE’s, a network manager is used, to handle connections
between two nonlocal DLE’s.

The network manager (NM), which is a centralized service
that handles real-time connection establishment and mainte-
nance, is not present on all nodes in the system. Basically,
the NM’s function includes receiving real-time connection
requests, trying to select a route which can provide the
requested quality of service, informing all intermediate nodes
(LAS and bridges) if such a route is available, and replying to
the requesting node. The NM must maintain the information
necessary for connection establishment, including the topol-
ogy of the network and the reservation/utilization status of
resources like link capacities and buffer space in all bridges. It
also maintains a table containing the resource requirements, the
assigned routes and the priorities of all existing connections in
the system. In order to ensure the consistency of this data, the
NM serializes the connection creation/deletion operations. The
detailed NM operations will be described .in the next section.

III. BASIC APPROACH

The communication capacity of each link is divided into two
parts. One part is concerned with intralink communications
which are managed by the local LAS. The other part deals with
interlink communications which are managed by a global NM.
In other words, all intraworkcell communications between two
peer DLE’s on a link are scheduled by the LAS on that link.
The interworkcell real-time communications between two peer
DLE’s on two different links are managed by the global NM,
and scheduled by the LAS of each link of the path over which
the corresponding connection runs. The fraction of the link
capacity assigned to each of these two parts depends on the
distribution of communication demands on each link. That is,
the LAS of a link can reserve a different fraction of link
capacity for local (or intra-link) communications based on
the characteristics of local communication demands. Since
communication traffic may vary, the reserved capacity may
also vary. In this paper, we will use a version of the linear
bounded model to describe the traffic generated by a real-time
connection. If D is the maximum delivery-delay bound of a
packet, the traffic generated by a real-time connection is said
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to follow the linear bounded model if the number of packets
generated in any interval T > D is bounded by a linear
function of the length of the interval T', ie., (GT'+ B), where
G is the maximum packet-generation rate of this connection
and B is the maximum burst size. This model was first
proposed by Cruz [8] and also adopted by several researchers
[61; [71, [91, [10], [12], [21]. The proposed solutions to the
two subproblems are described in detail in the following two
subsections.

A. Intralink Communication

Intralink (intracell) communications occur between two peer
DLE’s on the same multiaccess link. This type of commu-
nication can be either connection-oriented or connectionless.
Intralink real-time communications are handled by the LAS
DLE on the corresponding multiaccess link, because the
LAS is designed to be the centralized control entity for
scheduling messages on that local link under the FieldBus
protocol [2], [3]. Since real-time communication requires a
bounded delay in message delivery, we need to reserve all
the required resources in advance in order to guarantee all
real-time messages to be delivered before their deadlines. This
implies that real-time communication be connection-oriented.

In the proposed connection establishment procedure, -the
operations_of the peer DLE’s are the same as those in the
description of the draft standard [2], [3]. That is, the source
DLE will make a connection request which contains necessary
information for establishing the connection according to the
FieldBus protocol, such as a frame control field, the destination
address, and the quality of service. In order to support real-
time communication, the traffic generation characteristics and
the delivery delay requirement also need to be specified in
a connection request message. Specifically, in addition to
the required information in the draft standard, the following
two parameters must be included .in the connection request
message:

* D (seconds): the user—speciﬁed delivery-delay bound for

a message;
* M (packets): the maximum number of packets that can
be generated in an interval of length D.

These two parameters describe a more general model than
the linear bounded model, because the linear bounded model
is only a special case of this model (by letting M = GD+ B).
Note that the maximum packet size is not included here
because in the FieldBus protocol [2], [3], the maximum size
of a high priority packet is fixed to be 64 bytes.

Based on these two parameters, the LAS can make necessary

“and sufficient reservation to guarantee all real-time messages
to ‘be delivered by their deadlines [7]. After receiving  a
connection request, the LAS will try to teserve the link

~ capacity for this connecnon by performing the following
admission fest:

Z (MiPrnaa( —g(‘)verhead-;> < 1" W

i
where Ppax denotes the time needed to transmit a maximum-
size packet and the index ¢ rups over all existing real-time

connections and the currently requested connection. The main
part of overhead is determined by the token passing time.

If the admission test can be satisfied after adding this new
connection, the LAS will reserve the required link capacity;
update the information about the existing real-time connec-
tions, and send a confirmation message to the requesting node.
Otherwise, the LAS will send a rejection message to the
requesting node.

Using these parameters, the LAS can use the deadline-driven
scheduling algorithm described in [14] to allocate tokens to
each real-time connection. Basically, after an intralink real-
time connection ¢ with paraméter D, and M; is established, the
LAS will allocate a token to connection ¢ at least once every
D; units of time and during the lifetime of each token, at least
M; maximum-size packets of connection 4 can be transmitted.

In addition to the operations specified in the draft standard,
the LAS has to respond to all connection requests for local
real-time connections since all real-time connections running
through this local link are subject to its approval. Note that the
LAS’s approval is not required for nonréal-time connections
since no resource and link capacity has to be reserved in
advance for them. A connection request message includes
a reservation (0 or 1) field, representing whether the local
LAS has reserved the requested capacity or not. When the
LAS receives a real-time connection request from a local
DLE with a destination DLE located on the same link, thé
LAS will fry to reserve -the requested link capacity and
respond to this connection request. Consequently, a real-time
connection tequest is handled in three steps (see Fig. 1),
whereas a nonreal-time connection request requires only two
steps. First, the requesting DLE sends a connection request
to the corresponding local LAS with reservation = 0 which
represents the connection request has not yet been approved
by the local LAS. Both the LAS and the designated receiver
DLE receive this request, but the designated receiver DLE will
ignore all real-time connection requests: with reservation =
0. The LAS will respond to this request by sending out
the modified connection request message with the requested
quality of service and reservation = 1, if the LAS can
reserve a sufficient capacity and accept this connection request.

“Otherwise, the LAS will reject this request by sending a

rejection message to the requesting DLE. After receiving the
positive response from the LAS, the receiver DLE will respond
as described in the draft standard, i.e., report the connection
request to the destination user, and the user will decide whether
to accept this request or not. If the connection cannot be
accepted, the receiver DLE will respond with a disconnection
message, which will be received (alinost) simultaneously by
both the LAS and the requesting DLE since the link is a
multiaccess bus. The LAS will then release all the resources
reserved for this connection. :

If there are already too many real-time connections estab-
lished nearly exhausting all the link capacity under the control
of a LAS, the LAS can make a request to the global NM for
more link capacity for local usage. However, this is subject to
the availability of the remaining link capacity at the NM level.

In order to be compatible with the current draft standard,
if the source DLE requires an immediate reply for a real-



SHIN AND CHOU: DESIGN AND EVALUATION OF REAL-TIME COMMUNICATION 361

Source Node makes
Connection Establishment Request
with  reservation = 0

Source Node makes
Connection Establishment Request
with  reservation =0

Destination Node’s Destiantion Node’s
address on the same address is not on
link. the same link.
L“?' LAS DLE The Network Manager 1
reserves the required link capacity the roquired link capacity }
t If the Request ¢: If the t can If the Request can
a‘zceol:;giﬂ o not be accepted. be nwl:g;e‘s not be accepted.
Local LAS DLE sends Local LAS DLE sends The Network Manager sends The Network Manager sends
Connection Establishment R“}‘!‘“ Rejection Connection Establishment Request Rejection
with  reservation = . with  reservation = 1
inati to the Source Node
to the Destination Node to the Source Node to the Destination Node
nd -
If the Request can If the Request can reservation information to If the Request can
accep ot be ted by y not be accepted by
g:sﬁmﬁ;d n’i’o':'igle the destinadon node LAS’s and Bridges the destination oo
Destination Node sends Destinatior'\ No'de sends 1fthe Requestcan The Desﬁ;ztj;g; ir::de sends
a Confirmation message Rejection be accepted by the 5 M ode &
to the Source Node to the Source Node & LAS destination node. to the Source e
° d the Network Manager

Fig. 1. Procedure for handling an intralink connection request.

time connection request, the receiver DLE will respond with
an acknowledgment immediately. Otherwise, the source node
will send the connection request again as specified in the draft
standard. If the addressed destination still does not respond,
the source DLE will report the failure of the destination DLE
to the user, and the LAS will stop the reservation process
and free all the resources reserved thus far for this particular
request. When an immediate reply is required, the LAS will
respond to the requesting DLE in the very next time slot after
detecting the required immediate reply.

B. Interlink Communication

The entire operation for establishing a connection between
two DLE’s on different links is conceptually similar to the case
when they are on the same link. The only significant difference
is that the real-time connection requests are granted by the NM,
rather than a local LAS. The real-time connection establish-
ment procedure still consists of three steps (see Fig. 2). First,
the requesting DLE makes a real-time connection request with
reservation = 0 which represents the connection request has
not yet been approved by the NM. Since: the destination DLE
is not on the same local link as the requesting DLE, the local
LAS will ignore this connection request, and the bridges will
forward this request to-the NM by using datagram services.
(Note that in the nonreal-time connection request case, the
bridge will forward the request to the addressed destination
DLE, instead of the NM.) Then the NM will try to find a
path from the source DLE to the destination DLE with the
required quality of service. If there are many paths available,
it will choose a path by balancing the network traffic. If such
a path is found, the NM will reserve the required resources
and send a connection -request to the destination DLE with
reservation = 1 and the source address is the requesting
DLE. At the same time, the NM also informs all the LAS’s
and bridges along the path of this new connection. Each
intermediate bridge in this path will have the information on

The Destination Node sends
a CConfirmation message
to the Source Node

All the LAS’s & Bridges along
the path of connection cancel
the corresponding reservations.

Fig. 2. Procedure for handling an interlink connection request.

the size of reserved buffer space and how to forward messages
of the newly-established connection. Each LAS also has the
information on how to assign the required link capacity to
some intermediate bridges. On the other hand, if no path can
be found with the requested quality of service, the NM will
send a rejection message to the requesting DLE.

Finally, after the destination DLE receives the connection
request from the NM, the receiver DLE will report this
request to the destination user who will then decide its
acceptance/rejection. In case of acceptance, the destination
DLE will send a confirmation message back to the requesting
DLE. Otherwise, a disconnection message will be sent along
the established path to the requesting node, thus making all
intermediate LAS’s and bridges aware of this disconnection.
A disconnection message is also sent to the NM by the
destination DLE, and the NM will update its information and
release all the associated resources. In this case, the NM does
not have to inform the intermediate nodes of the cancellation
of the connection, since all intermediate LAS’s and bridges
have already been informed of this by the destination DLE.

If the destination DLE does not exist or does not respond
within a timeout period to the connection request sent by the
NM, the failure of the destination DLE can be detected by
the bridge on the same link where the destination DLE resides
and will be reported to the NM by returning the connection
request to the NM. The NM may choose to retry or inform the
requesting DLE and.all intermediate LAS’s and bridges about

the rejection of this connection.

IV. COMPATIBILITY WITH THE DRAFT FIELDBUS PROTOCOL

Since most part of the FieldBus protocol has been well de-
veloped and gained general acceptance from the manufacturing
and process control communities, the proposed scheme for
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real-time communication must be compatible with the draft
FieldBus protocol. The most notable aspects of the proposed
scheme are the introduction of “the network manager, the
division of link capacity, and the difference in establishing
real-time and nonreal-time connections.

Since the NM is responsible for all interlink (intercell) real-
time connections, it has to be reachable from all entities in
the entire network. There are two ways to achieve this goal:
1) all entities that may make an interlink real-time connection
/rcquest maintain the NM’s address individually; and 2) all
bridge DLE’s are responsible for recognizing interlink real-
time connection reQuest packets, forwarding interlink real-
time connection requests to the NM, and thus, only bridge
DLE’s have to know the NM’s address. Both 1) and 2) are
compatible with the current draft FieldBus protocol, and easy
to implement. ; :

The second difference introduced by the proposed scheme
is the division of the link capacity into two paris which
are controlled by either the corresponding local LAS or the
NM. This link capacity division can be easily accommodated
into the current protocol. In the current FieldBus protocol
standard, the entire link communication capacity is controlled
by the local LAS, regardless whethér the communication
is intralink or interlink and whether it is connectionless or
connection-oriented. In order to improve the utilization and
traffic balancing of the network, we introduced the NM for
interlink real-time communication, and as mentioned before, a
portion of link capacity is controlled by the NM. Each LAS can
still function as described in the draft FieldBus protocol except
some portion of link capacity is assumed to have already been
reserved for global usage. The LLAS just follows the NM’s
instruction (in the request form) when assigning the requested
link capacity to some designated bridge DLE(s) and/or the
application DLE(s). Since the NM is only allowed to allocate a
prenegotiated portion of the link capacity, and never exceeds it,

the LAS must follow the NM’s instruction. At the same time,

the LAS may also grant its local requests without any further
checking with the NM. The portion of link capacity which is
controlled by the NM can be negotiated, i.e., when a LM DLE
becomes the active LAS on a link, it first informs the NM of
the portion of link capacity of this local link that the NM can
use. From a scheduling perspective, the local LAS schedules
the tokens according to the requests granted by both itself and
the NM. Since both the LAS and the NM cannot exceed their
prenegotiated limits, the messages for real-time connections
can always be delivered in time once the connection has been
established.

The real-time connection establishment procedure is also
different from the nonreal-time  counterpart. Establishing a
real-time connection requires three steps, while establishing a
nonreal-time connection requires only two steps. This differ-
ence comes from the fact that a real-time connection establish-~
ment has to be granted by either the local LAS or the NM. The
real-time connection request is considered valid by the node
where the -destination DLE resides -even before the destination
DLE accepts the request. In such a-case; the destination DLE
may receive not-yet-accepted (reservation = 0) requests, but
it will ignore them. So, the real-time connection request can

be processed by the DLE’s in the same way as a nonreal-time
connection request. The draft FieldBus protocol usesa state- -
driven procedure to manage a nonreal-time connection, which
is briefly described here. As we shall see later, a real-time
connection can also be achieved by this state-driven procedure.
The source (requesting) node makes a real-time. or honreal-
time comnection request, initiates a state machine (V,(ST)
in the standard) for the connection, and enters “Outgoing
Counection Pending” state from “Idle” state after the request
is sent [2], [3]. A node in “Outgoing Connection Pending”
state that has received a connection establishment confirmation
enters “Data Transfer Ready” state and begins transmission.
On the other hand, a node receives a nonreal-time or 4 valid-
real-time connection request will enter “Incoming Conriection
Pending” state. After receiving the user’s positive response
to this request, the DLE in “Incoming Connection Pending”
state sends out a connection establishment confirmation to

‘the requesting node, enters “Data Transfer Ready” state, and

begins transmission. A user’s negative response (reject or
close) to a state machine will. force the node to send a
disconnection message and the associated state machine will
enter “Idle” state. Therefore, real-time connection requests
can be processed by the same state-driven model with minor
modification (adding a reservation bit) as the nonreal-time
connection case. However, the NM. and the LAS have to
be ‘equipped with the ability to handle real-time connection
requests, make appropriate réservations, and respond to such
requests adequately. The bridge DLE’s also require additional
functions to make correct run-time scheduling and flow control
in order to provide predictable communication [10], [11].
Although these changes to the LAS and bridge are nontrivial,
they are compatible with the draft FieldBus protocol, and are
necessary to support real-time communication,

V. PE]/{FORMANCE EVALUATION

In this section, using-two pfotypical example systems we
demonstrate the superior performance of the proposed modi-
fication of FieldBus. The first example deals with a typical
manufacturing system network and the second.example is

concerned with multimedia networking; both the examples

require real-time communication services. These examples are
used to compare the proposed scheme and the token-passing
protocols (e.g., token buses, token rings, and FDDI) in terms
of the ability of supporting real-time communication.
Example 1: We simulated’ a typical manufacturing system
(Fig. 3) to determine the percentage of accepting. real-time

connection requests. and the average maximum nonreal-time

message throughput achievable under different link load con-
ditions for both intracell and intercell communications [2], [3],
[101, [14]. A cell in Fig. 3 represents a workcell.

Real-time communications. in manufacturing systems are
usually periodic in nature, and the deadline of a message is
related to its period. For example, the controller of a workcell -
usually must read sensors periodically, and the sensed data
should be processed before the next period begins. Based on
this observation, we assume .that each real-time connection
has its own period, and in each period, a fixed amount of
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NM

Fig. 3. Two-level hierarchical network for an AF.

time is assigned to the source node of the connection if the
connection can be established, because the size of each time-
critical message is limited in the FieldBus. This fixed amount
of time is assumed to be used for handling a message of
256 bytes—which includes a maximum of 128 bytes user
data for time-critical messages—and all overheads such as
token passing time, transmission delay, and framing delay. The

reason why we do not use any specific message packetization -

is that the ISA (Instrument Society of America) has not yet
finalized the formats of the packet header and various tokens
[2], [3]. Those connections needing to send more than 256
bytes in a period are simulated by making multiple connection
requests. ‘

Arrivals of real-time connection requests are assumed to
be exponentially distributed with a fixed rate. The real-time
connection periods are assumed to be uniformly distributed
within the range from 20-500 ms for the manufacturing system
under consideration. Since all operations in a manufacturing
system are usually carefully planned in advance, the lifetime
of each activity will be approximately the same for all of
its invocations. Therefore, in addition to the arrival rate and
period, the lifetime of each connection is assumed to be
normally distributed with a fixed mean ranging from one to
tens of seconds (depending on the type of the corresponding
activity) and a small variance. For example, a robot may need
a connection with a short-life device for 10 s when it operates
on an assembly line, but it may only need a connection with a
long-life device for the next several seconds when the transport
belt is moving. :

In this example, we use several different lifetime distri-
butions, but, as long as the total requesting load remains
the same, the percentage of accepting real-time connection
requests and the average maximum achievable nonreal-time
message throughput do not make any significant difference.

Figs. 4 and 6 show the probability of accepting an intra-
cell/intercell real-time connection request under a wide range
of requested real-time connection load. When the requested
real-time connection load is under 100% of the link capacity,
the speed of the link is important to the acceptance probability.
The reason for this tendency can be given as follows. The
requested connection’s load on a link is the sum of the loads of
all requested connections regardless whether they are accepted
or not. Insofar as a single connection request is concerned, the
load of a single real-time connection request is measured by
the number of slots (each of which is the time required to
handle a 256-byte packet) the connection needs per second or

its period in terms of slots, and this load occupies a higher
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Fig. 5. Average maximum throughput for intercell nonreal-time messages.

percentage of the capacity of a low-speed link than it does
on a high-speed link. Therefore, when the requested real-
time connection load is less than 100% of the link capacity
(i.e., the link has some unused capacity), the chance that a
new requested connection cannot be accommodated in the
remaining capacity of a low-speed link is much higher than
a high-speed link.

Figs. 4 and 5 show, respectively, the percentage of accept-
ing real-time connection requests and the average maximum
achievable nonreal-time message throughput for intracell com-

'munication. As can be seen in Fig. 4, the higher link speed,

the higher acceptance probability. The nonreal-time message
throughput has an opposite trend. In Fig. 5, the low-speed
link has a higher nonreal-time message throughput in terms
of percentage of the link capacity, since a lower percentage of
link capacity is reserved for real-time communications.

Figs. 6 and 7 show, respectively, the percentage of grant-
ing real-time connection requests and the average maximum
achievable nonreal-time message throughput for intercell com-
munication. For these plots we used a 4 Mbps backbone to
connect 10 workcells, and three different link capacities for
connections within a workcell, i.e., 128 Kbps, 256 Kbps, and
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512 Kbpé. In our strategy, intercell and intracell communjca-

tions do not interfere with each other, since they use different
portions of the link capacity. These two figures follow the
same trend as Figs. 4 and 5. However, the percentage of
accepting intercell real-time connection requests drops much
faster, since an intercell connection can be established only if
all links on the connection have sufficient capacity to support
this ‘connection’s requirements; while an intracell connection
only needs one link which has sufficient capacity to establish.
Because a smaller percentage of link capacity is reserved
for real-time connections, the average maximum achievable
‘ nonreal-time message throughput is higher in the intercell
communication case (as can be seen from Figs. 5 and 7).
Example 2: Since most real-time communication takes
place between two DLE’s on the same link, this example
focuses on the ability of supporting intralink real-time
communication. Both the normal token-passing protocol and
the proposed scheme are used to send compressed -digital
motion-video frames and their performances are compared.
This example shows that the proposed scheme reserves
a bandwidth required for real-time traffic and utilizes the

T
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Fig. 8. An example of frame sizes (corhpressed with JPEG).

network resources efﬁciéntly in the absence of real-time
traffic, thus, can provide adequate real-time performance and
outperform conventional token passing protocols.

The underlying interconnection hardware is a 100" Mbps

-multiaccess link/bus with- 20 'or 50 nodes. The video data

were obtained by sampling a-sequence of CNN headline news,
stored on a laser disk [24]. The size of each frame, after
compressed with JPEG [22], [24], is plotted in Fig. 8. The
video quality can be characterized by the rate of “successfully-
delivered” frames, where a "sui:cessfully-delivered" frame
is defined as the one delivered to its destination corréctly
before the corresponding deadline. The maximum .one-way
transmission delay of each frame must be less than 100 ms
in order to achieve the quality of live-video performance, i.e.,
D = 100 ms. If we use the transmission rate of 30 frames
per second, 3 frames will be transmitted during each 100
ms period. Assume the maximum packet size supported by
the network is 1 Kbytes, then by adding the sizes of three
consecutive frames (because there are three frame arrivals in
100 ms), we can derive M = 185 packets. By adding the token -
passing overhead of 1 Kbytes per 100 ms (i.e., 500 bytes each
way), the network is expected to support |1250/186] =
real-time connections under the proposed scheme because the
100 Mbps link can be used to transmit 1250 maximum-size .
packets during each 100 ms period.

*Certain uniformly-distributed nonreal-time traffic that re-
quires from 0-90% of the total link capacity is added to each
node during the simulation. However, the source nodes of real-
time connections are randomly chosen. (It is thus possible
that one node may become the source node of all real-time
connections.) The traffic data of real-time connections were
taken from Fig: 8 and each connection has its own stamng
frame (also randomly chosen).

On the same multiaccess link (with 20 or 50 nodes) we
will also use the above real-time traffic to assess the ablhty of
supporting real-time communication under the normal token-
passing protocol. However,- we assume -the token-passing
overhead is negligible and the source nodes of existing real-
time connections are distributed evenly among all nodes.
Although these assumptions will make. the token-passing pro-
tocol work better than actually is, this example will show
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that the proposed scheme still performs much better than the
token-passing protocol in supporting real-time communication.

Though the underlying network is a multiaccess bus, the
token will be passed among all nodes on the bus in a manner
which is exactly the same as FDDI [1], [5], [15], [16], [19],
[20], [23]. Since the packet delivery deadline is 100 ms, the
target token rotation time (TTRT) of the token-passing protocol
is set to 50 ms. Depending on the number of nodes (20 or 50
in this example), the high-priority token holding time of each
node is set to be 50/20 = 2.5 ms or 50/50 = 1 ms. Basically,
each node is guaranteed to receive a token at least once every
2 x TTRT (100 ms) and upon capturing the token, the node
is allowed to transmit real-time (high-priority) traffic for up to
2.5 ms on a 20-node network or 1 ms on a 50-node network.
Nonreal-time traffic can be transmitted only when a node holds
the token and the elapsed time since this node’s last release
of the token is less than TTRT. After receiving the token, a
node may transmit real-time traffic for up to 2.5 ms (or 1 ms)
first, and‘then if the above condition is met, more real-time
traffic or nonreal-time traffic can be transmitted until the above
condition becomes no longer true or all packets are transmitted,
whichever occurs first. The token will then be passed to the
(logically) next node.

The goal of this example is to evaluate the capability
of supporting real-time communication by comparing the
maximum and average frame-miss rates of both the token-
passing protocol and the proposed scheme. (The frame-miss
rate is defined as the percentage of frames missing their
deadlines.) Our scheme is shown to always outperform the
token-passing protocol in supporting real-time communication.

Figs. 9 and 10 show the maximum frame-miss rate of
our scheme, and the maximum and average frame-miss rates
of 20-node and 50-node token-passing networks at a 50%
nonreal-time traffic load. The frame-miss rate is defined for
each connection, i.e., the ratio of the number of frame misses
for a connection C' to the total number of frames of C. The
maximum (average) frame-miss rate is defined to be the largest
(average) value of individual connection frame-miss rates. A
point in the figure represents 30 000 cycles of the sequence for
each connection, i.e., about 911 000 frames or 8.4 h at the rate
of 30 frames/s for each connection. As one can derive from (1),
both figures show that 6 connections can be supported under
the proposed scheme. For those points where the link does not
have sufficient bandwidth for both real-time and nonreal-time
traffic (e.g., 7-10th connections), we reserved the entire link
capacity for real-time connections, and nonreal-time traffic is
transmitted only when the bandwidth reserved for real-time
traffic is not fully used. Since we reserved the link bandwidth
using the worst-case values, this is very likely to happen.

For example, we reserved [1250/7] packet times for each
connection when there are 7 real-time connections. (Note,
however, that our scheme does not allow a seventh real-time
connection, because the system cannot guarantee the required
performance.) When a seventh connection is added, only about
2% of real-time packets of this connection will miss deadlines.

The token-passing protocol on a multiaccess bus can provide
4-5 real-time connections at a 50% nonreal-time load. As we
shall see, the token-passing protocol’s ability to support real-
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time communication is highly sensitive to the nonreal-time
traffic load. The average frame-miss rate for our scheme is
very close to the maximum miss rate, so we only present the
maximum frame-miss rate in Figs. 9 and 10. By contrast, the
average and maximum frame-miss rates of the token-passing
protocol are significantly different when the multiaccess bus
cannot transmit all the real-time messages before their dead-
lines. ‘The FDDI's frame-miss rate is also sensitive to the
number of nodes on the ring, but our scheme can provide
the same number of real-time connections regardless of the
number of nodes on the multiaccess link. This observation
implies that the variance of frame-miss rates of our scheme is
very small, whereas the token-passing protocol suffers a large
variation of frame-miss rates.

Figs. 11 and 12 show the maximum frame-miss rate of our
scheme as well as the maximum and average frame-miss rates
of 20-node and 50-node token-passing networks at a 90%
nonreal-time traffic load. At a high nonreal-time traffic load
like this, the token-passing protocol almost becomes incapable
of supporting real-time communication. It can only allow for
one connection (without loss) on both 20-node and 50-node
networks.



366 TEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 12, NO. 3, JUNE 1996

20 T —T T
our scheme —5——

passin:
token passmg (av

Maxirum/average frame miss rate %

0 & & & & L i '

1 2 3 4 5 6 7 8 g ~ 10
Number of Established Real-time Connections (20 nodes)

Fig. 11. Maximum frame-miss rate at a 90% background load (20 nodes).
20 T T T T T
ourscheme -5—
n passin;
token paseing fove] >
b7
10% -
e 15F R
)
&
3.
E
@
€
g
b 10
&
§
]
E
£
E .
]
= 5
o & - & & »/ | 1 L
1 2 9 10

3 4 5 6 7 8
Number of Established Real-time Connections (50 nodes)

Fig. 12. Maximum frame-miss rate at a 90% background load (50 nodes).

By contrast, our scheme is insensitive to the nonreal-
time traffic load. The system can still provide 6 real-time
connections at a high nonreal-time traffic load. Again, since
the average frame-miss rate of our scheme is very close to the
maximum frame-miss rate, we plot only the maximum frame-

- miss rate. (Similarly to the previous case, the token-passing
protocol’s average frame-miss rate significantly differs from its
maximum frame-miss rate.) As far ag the ability of supporting
real-time communication is concerned, our scheme is shown to
be far better than the token-passing protocols, such as token
buses, token rings, or FDDI.

We also calculated the token-passing overhead of the pro-
posed scheme under the assumption that the size of a token
is 500 bytes. Since two tokens are needed for each token
allocation (one to issue and the other to return), and the
average traffic arrival rate of a real-time connection is approx-
imately 132 Kbytes per 100 ms, the token-passing overhead
is approximately 0.76%.

VI. CONCLUSION

In this paper, we proposed a strategy to support real-
" time communication under the FieldBus protocol which pro-
vides end-to-end delivery delay guarantees for time-critical
messages. This strategy provides a fast local mechanism

for establishing intraworkcell real-time connections, while
supporting global interworkcell real-time ‘connections. The
proposed strategy is fully compatible with the current draft
standard of FieldBus protocol, and also provides flexibility for
the choice of scheduling algorithms, adaptability for different
traffic loads. Numerical examples- are also given based on
typical manufacturing systems as well multimedia networking.

Our future work- will focus on the scheduling algorithms
for the LAS and the route selection algorithm (to be used by
the network manager) which are also very important to the
success of FieldBus.-
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