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[57] ABSTRACT

A method and apparatus are provided for scheduling the
transmission of cells of a plurality of data streams in a
communications network. An earliest deadline first (EDF)
scheduler is provided for scheduling the transmission of
cells of a plurality of data streams in a communications
network to ensure that the connection or data stream with the
carliest deadline is transmitted first. Each of the multiple
data streams has a delay bound or deadline. Data of each
data stream is enqueued to a corresponding data cell queue.
A timing wheel time slot based on an identified target
transmission time for each data cell queue is calculated
utilizing an addition of a maximum delay value. A move
forward timing mechanism includes a scan forward feature
to identify a succession of virtual connection or data stream
cell queues for transmission. A multiple tier cell scheduler is
provided that includes at least two scheduling timing
wheels. The priority of a first timing wheel is higher than the
priority of a second timing wheel. The priority of the second
timing wheel is higher than the priority of an optional third
timing wheel. The third timing wheel includes a best effort
operational mode. The relative rates between data streams
are maintained, while the absolute rates of the data streams
are increased or decreased in the lowest priority wheel.

26 Claims, 11 Drawing Sheets
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FIGURE 2A
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FIGURE 2B
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FIGURE 5
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FIGURE 6
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FIGURE 7A
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FIGURE 9
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EARLIEST DEADLINE FIRST
COMMUNICATIONS CELL SCHEDULER
AND SCHEDULING METHOD FOR
TRANSMITTING EARLIEST DEADLINE
CELLS FIRST

RELATED APPLICATION

1. Field of the Invention

The invention relates to the scheduling of multiple data
streams through a data communications network, and more
particularly, to the choice of which cell or packet should be
transmitted or passed on from a network element when there
are multiple potential streams with data that could be
transmitted or passed on. Further the invention describes a
method for classifying connections by their reserved data
rate and delay bounds. This delay bound is also referred to
as a deadline.

Acrelated patent application is copending Ser. No. 08/823,
865, filed on the same date as the present application,
entitled: COMMUNICATIONS CELL SCHEDULER AND
SCHEDULING METHOD FOR PROVIDING PROPOR-
TIONAL USE OF NETWORK BANDWIDTH, by Gary S.
Delp et al., and assigned to the present assignee.

2. Description of the Prior Art

Multimedia communications involve the blending
together of computer data processing, audio/video, and
display technology in an interactive environment. Evolving
multimedia applications such as desktop computer confer-
encing and video-on-demand bring with them the need for
network access to shared or common real-time data.

A Motion Pictures Experts Group MPEG-2 standard for
multimedia stream transport is described in “MPEG-2”
International Organization for Standardization; Organiza-
tion Internationale De Normalisation (ISO/IEC ITC1/SC29/
WG11) Coding of Moving Pictures and Associated Audio.
The MPEG-2 standard has defined a system layer that
integrates multiple media sources into a single data stream
with integrated time stamps or program clock references
(PCRs). The MPEG-2 standard has defined a fixed and
variable rate encoding scheme for video streams that allows
for variable size and quality of video streams. The MPEG-2
standard has defined a transport mechanism for other video
encoding schemes, for example, MPEG-1. The MPEG-2
multimedia stream is transported over a digital network
which uses the ITU standards commonly referred to as
Asynchronous Transfer Mode (ATM). The Asynchronous
Transfer Mode (ATM) network described in “Asynchronous
Transfer Mode: Solution for Broadband ISDN”, M de
Prycker, Ellis Horwood, 1991 is an internationally agreed
upon technique for transmission, multiplexing and switching
in a broadband network. It uses fixed size cells as a unit of
transmission.

ATM networks are designed to support the integration of
high quality voice, video, and high speed data traffic. To the
end-user, it promises to provide the ability to transport
connection-oriented and connectionless traffic at constant or
variable bit rates. It allows for allocation of bandwidth on
demand and intends to provide negotiated Quality-of-
Service (QoS). To a network provider, it enables the trans-
port of different traffic types through the same network. In
order for a network to meet QoS requirements as set by the
user for a session, the network must have sufficient infor-
mation about the traffic characteristics of the session. This
may be approximated by (but not limited to) three basic
parameters: 1) average transmission rate, 2) peak transmis-
sion rate, and 3) the interval over which the data may be
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transmitted at peak rate. As a part of the QoS contract with
the network, all sessions must abide by the traffic parameters
and not violate these parameters in order for the network to
guarantee QoS to all the users. This gives rise to a complex
scheduling problem when many sessions are established
over a network link, which requires that each session’s
contract with the network not be violated. At the same time,
all sessions must get the desired capacity from the network.
This problem is fairly complex particularly when it involves
a large number of sessions with a wide range of traffic
descriptors. The problem is further compounded with the
fact that different sessions require different QoS. Therefore,
in case of contention, where a multiplicity of sessions have
data to be transmitted and their individual contracts with the
network will allow them to transmit, sessions requiring
stricter QoS guarantee typically are given priority over other
sessions.

In ATM networks, one known algorithm called the leaky
bucket algorithm has been used to determine when a cell for
a single session may be transmitted. This leaky bucket
algorithm may be used to determine if a cell is allowed to be
transmitted for any single session at a given time. Schedul-
ing a multiplicity of sessions can be provided by running the
leaky bucket algorithm at any time t for all the sessions to
determine which sessions may be scheduled for transmission
at that time. Then, cells from these sessions may be sched-
uled based on their assigned priorities. The leaky bucket
algorithm is described in ATM Forum Technical Committee
Traffic Management Specification, Version 4.0 (af-tm-
0056.000) April, 1996.

An Internet Draft document, entitled Resource ReSerVa-
tion Protocol (RSVP)" Version 1 Functional Specification of
the Internet Engineering Task Force (IETF) dated Mar. 18,
1996 describes a version 1 of RSVP, a resource reservation
setup protocol designed for an integrated services Internet.
RSVP provides receiver-initiated setup of resource reserva-
tions for multicast or unicast data flows, with good scaling
and robustness properties. A scheduling algorithm imple-
mentation advantageously should be compatible with the
RSVP protocol.

Guaranteeing that a flow is served in a manner consistent
with its traffic contract or traffic contract rate guarantee can
be quite different from guaranteeing also that this flow is
served with specific delay guarantees, provided it complies
with its traffic contract rate guarantee. Examples that illus-
trate this difference follow.

Assume two connections with both a token bucket size of
5 cells and a peak rate equal to the link speed where cells can
be sent every slot if tokens are available. Connection 1 has
an average token generation rate of once every 5 slots, while
connection 2 has an average token generation rate of once
every 10 slots. Enforcement of this traffic contract can be
achieved by putting the flows on a timing wheel utilizing
leaky bucket rate connection parameters. Assume also that
connection 1 has a delay requirement of 3 slots, while
connection 2 has a delay requirement of 6 slots. This means
that connection 1 wants to be guaranteed that its cells will be
transmitted on the link within at most 3 slots from the time
they become eligible, while connection 2 wants to be
guaranteed that its cells will be transmitted on the link within
at most 6 slots from the time they become eligible.

In the examples below, time slots are numbered from 1
and up with higher numbers representing later times. For
example, because connection 1 has a delay requirement of 3
slots, if a cell from connection 1 becomes eligible at time
slot 6 or is ready to be transmitted at slot 6, the cell should
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have been transmitted on the link by slot 9 at the latest or at
most 3 slots after slot 6.

Assume first that both connections 1 and 2 have the
following arrival patterns starting at slot 1:

connection 1: 3,2,1,0,0,0,0,1,0,0,0,0,1,0, . . .

connection 2: 3,2,1,0,0,0,0,0,0,0,0,0,1,0, . . .
Cell eligibility times out of the leaky buckets for each
connection follows, where it is assumed that each connec-
tion starts with a full token bucket, a token was just
generated at time 0, and * denote a token generation time:

s #

- connection1:1,1,1,1,1,1,0,0,0,1,0... (1 every 5)

e

- connection 2:1,1,1,1,1,0,0,0,0,1,0,... (1 every 10)

Note also that the above sequence was determined assuming
each cell could be transmitted at the time it becomes eligible,
or in case a cell cannot be transmitted at the time it becomes
eligible that the eligibility time of the next cell is computed
based on the time the previous one should have left and not
the time it actually left. This is a peak rate enforcement issue,
and does not affect the issue of providing delay guarantees.

The actual transmission times of cells based on the above
sequences of eligibility times depend on how the scheduling
of cells is handled.

Let us first assume that both connections are put on the
same timing wheel. This essentially amounts to considering
them equal from a delay point of view. The sequence of cell
transmissions is then as follows:

1,2,1,2,1,212,1,2,1,1,2, 1, , ...
where the number in the above sequence indicate connection
1 or connection 2 to which the transmitted cell belongs,
and__corresponds to no cell transmissions. From the above
example, it can be seen that some of the cells of connection
1 are not transmitted within the desired delay requirement of
3 slots. Specifically, the sequences of eligibility versus
transmission times for cells from connections 1 and 2 are as
follows:

Connection 1:
eligibility times: 1,2,3,4,5,6,10, . . .
transmission times: 1,3,5,7,9,11,12, . . .
Connection 2:

eligibility times: 1,2,3,4,5,10, . . .

transmission times: 2,4,6,8,10,13, . . .

As can be seen from the above sequences, the cells from
connection 1 that are eligible at times 5 and 6 and get
transmitted at times 9 and 11 which violates the deadline of
3 slots. However, none of the cells from connection 2 violate
their deadline of 6 slots. In the above example, the best
possible scenario is used where cells from connection 1 were
always scheduled before cells from connection 2 in those
cases where they were enqueued on the same transmission
slot, i.e., things could have been worse.

One possible approach to try to distinguish between
connections 1 and 2 is to use static priorities to allow cells
from connection 1 to be transmitted ahead of cells from
connection 2. For example, cells from connection 1 are
placed on a high priority timing wheel and cells from
connection 2 are placed on a low priority timing wheel.
However, while this clearly improves performance for con-
nection 1; it can be seen from the following that this static
priority approach only reverses the problem, now cells from
connection 2 miss their deadline. This can be seen by
constructing the sequence of cell transmissions for this static
priority approach as follows:
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1,1,1,1,1,1,2,22,1,222, ...

So, the sequences of eligibility versus transmission times
for cells from connections 1 and 2 are as follows:
Connection 1:

eligibility times: 1,2,3,4,5,6,10, . . .

transmission times: 1,2,3,4,5,6,10, . . .

Connection 2:

eligibility times: 1,2,3,4,5,10, . . .

transmission times: 7,8,9,11,12,13, . . .

The above example shows that while all the cells from
connection 1 are transmitted within their deadline, the cells
from connection 2 that were eligible at time 4 and 5 missed
their deadline since they were only transmitted at times 11
and 12, respectively. The above example is illustrative of the
inherent problem of static priorities as they do not allow to
account for the fact that as a cell waits, its priority should be
increased to make sure it is transmitted by a given time. This
requires some form of dynamic priorities; however, that is
not readily supported by the static assignment of different
priorities to different timing wheels.

One example of a dynamic priority scheme that would
have enabled meeting the deadlines of all the above cells, is
the ecarliest deadline first (EDF) policy, also called the
earliest due date (EDD) policy. This EDF policy sends out
cells in the order of their deadlines which correspond to the
latest times the cells can be transmitted. In the context of the
above example, this corresponds to:

Connection 1:

eligibility times: 1,2,3,4,5,6,10, . . .

deadlines: 4,5,6,7,8,9,13, . . .
Connection 2:

eligibility times: 1,2,3,4,5,10, . . .

deadlines: 7,8,9,10,11,16, . . .

The EDF policy would then have selected the following
transmission order:

Connection: 1,1,1,1,2,1,2,1,2,2, 2,1,2

deadlines: 4,5,6,7,7,8,8,9,9,10,11,13,16

transmission time: 1,2,3,4,5,6,7,8,9,10,11,12,13

As can be seen, the EDF policy successfully selected
transmission times for the two connections, so that all their
cells were transmitted within their deadline. Note this was
done based on the eligibility times of cell and not their
arrival time. This is important to note as the ability to
guarantee deadlines is certainly dependent on assumptions
on the amount of traffic that each connection generates, i.c.,
a traffic contract. However, while we have assumed in the
above example that the traffic of connections 1 and 2 was
actually reshaped to conform to its traffic contract before
cells could be considered for transmissions, we will see next
that this is not a requirement. In particular, it suffices that
reshaping or enforcement of the traffic contract be logical
instead of physical.

A need exists for an improved method and apparatus for
scheduling the transmission of cells in a communications
network.

SUMMARY OF THE INVENTION

Important objects of the present invention are to provide
an improved method and apparatus for scheduling the trans-
mission of cells in a communications network; to provide an
improved earliest deadline first (EDF) scheduler; to provide
a method for classifying virtual connections by their
reserved data rate and delay bounds; and to provide such
method and apparatus that overcome disadvantages of prior
art arrangements.
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