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Field of the Invention

The present invention relates to asynchronous transfer
20 mode switching systems and more particularly, to scheduling
transmission times for cells in asynchronous transfer mode
switching systems.

25 Background of the invention

in packet-based networks such as asynchronous transfer
mode (ATM) networks, a maximum transmission bit rate may
be set up, for example, by utilizing packets that have constant
30 lengths per unit of time. Constant length packets are referred
to as cells. In networks that mix multiple service categories
on a same physical link or media, traffic shaping is
problematic. Traditional methods rely on Usage Parameter
Control (UPC), i.e., “policing”, on ingress ports, followed by
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10 The difficulty arises because the WRR is a polling
mechanism that requires muitiple polls to find a queue that
requires service. Since each poll requires a fixed amount of
work, it becomes impossible to poll at a rate that
accommodates an increased number of connections. In

15 particular, when many connections from bursty data sources
are idle for extended periods of time, many negative polls may
be required before a queue is found that requires service.

Thus, there is a need for an event-driven cell scheduler
20 for supporting multiple service categories in an asynchronous
transfer mode ATM network.

Brief Description of the Drawings

25 FIG.1 is a block diagram of an event-driven VP/VC
(virtual path/virtual circuit) multiplexer having an event
scheduier in accordance with the present invention.

FiG. 2 is a block diagram of an event scheduler in
30 accordance with the present invention.

FIG. 3 is a flow chart showing one embodiment of steps
for a method for scheduling transmission times for a piurality
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present invefti cscheduling transmission times for a plurality of cells on an
outgoing link for a communication network in accordance with
the present invention.

FIG. § is a functional view of the event scheduler for
10 scheduling transmission times for a plurality of celis on an
outgoing link for a communication network in accordance with
the present invention, ’

FIG. 6 is a flow chart showing another embodiment of
15 steps of a method for scheduling transmission times for a
plurality of cells on an outgoing link for a communication
network in accordance with the present invention.

FIG. 7 shows additional steps for utilizing the method of
20 the present invention in constant bit rate (CBR), available bit
rate (ABR), variable bit rate (VBR), and unspecified bit rate
(UBR) packet traffic in a celi-based switch.

FIG. 8 shows additional steps for utilizing the method of
25 the present invention in constant bit rate (CBR) packet traffic
in a cell-based switch.

FIG. 9 illustrates a timeline for the operation of a
Scheduler utifizing the specific steps of FIG. 8 for a CBR
30 connection.

FiG. 10 shows additional steps for utilizing the method
of the present invention in unspecified bit rate (UBR) packet
traffic in a cell-based switch.

35
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FiG. 13 shows additional steps for utilizing the method
10 of the present invention in variable bit rate (VBR) packet
traffic in a cell-based switch.

FIG. 14 is a flow chart showing one embodiment of steps
for priority decoding in accordance with the present invention.
15

Detailed Description of a Preferred Embodiment
20
ATM is a network data transmission system and
methodology/protocol and is described in the ATM User-
Network Interface Specification, Version 3.0, by the ATM
Forum, published by Prentice-Hall in 1993 and related
25 specifications and other publications authored by the ATM
Forum. ATM enables diverse information traffic types, such as
voice/audio, data and video to efficiently share a common
transmission path and switching elements in Virtual
Connections (VCs) therethrough between ATM traffic sources
30 and destinations. All ATM traffic is formatted into fixed size
user cells having defined headers (interpreted by the ATM
network for controlling the switching the cells through the
network) and payloads (containing user data, not interpreted by
the network), so that diverse transmission rates may be
35 accommodated without complex synchronization functions.
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5 in this regard, ATM networks are specified to support a

number of traffic service categories, including Constant Bit
Rate (CBR), Variable Bit Rate (VBR), Available Bit Rate (ABR)
and Unspecified Bit Rate (UBR). The different service
categories each have associated ATM traffic parameters which

10 describe the time series of cells emitted by the various types
of sources. CBR sources are described by the following two
traffic descriptors: a Peak Cell Rate (PCR), which is the
maximum rate that the source will emit cells, and a Cell Delay
Variation (CDV) which is the amount of cell jitter, or variance

15 from uniformly spaced cells (in time). VBR sources are
described by a PCR, a Maximum Burst Size (MBS) which is the
maximum number of cells which will be sent at a rate equal to
the PCR (before a subsequent idle period), and a Sustainable
Cell Rate {SCR) which is roughly equivalent to a long term

20 average cell rate. ABR sources are described by a PCR and an
Minimum Cell Rate (MCR) which is a minimum cell rate that the
ABR source has contracted with the network (i.e., an ABR is
always allowed to emit cells at a rate that is at least as large
as the MCR). Furthermore, the ABR source may operate at an

25 Actual Cell Rate {ACR) which is between the PCR and the MCR.
The ACR is explicitly controlled (throughout the duration of
the calfl) by the network. UBR sources have no traffic
descriptors and therefore the behavior of UBR sources is
totally unspecified and unknown (to the network).

30

in general, the ATM system architecture is designed such

that an ATM network can mix traffic from these various
service categories onto a single common physical network link
(transmission media) while guaranteeing specific Quality of

35 Service (QoS) guarantees to the diverse traffic sources. CBR
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VBR sources are guaranteed, provided that a source
doesn't exceed its traffic contract (described by traffic
15 parameters PCR, SCR, and MBS), that the network will deliver
ali cells to the final destination with a small CLR and with a
guaranteed mean cell transfer delay, which is roughly
equivalent to an average delay through the network.

20 ABR sources are guaranteed, provided that a source
doesn't exceed its traffic contract (described by traffic
parameters PCR and MCR} and provided that the source
responds appropriately (per ABR reference behavior) to the
explicit rate network feedback, adjusting its ACR accordingly,

25 that the network will deliver all cells to the final destination
with a small CLR. Furthermore, ABR sources are guaranteed,
by the network, that available network capacity will be
*"fairly” shared among all ABR sources which may be emitting
cells during a specific time instant.

30

CBR and real time VBR traffic categories are intended to
address applications, e.g., circuit emulation and entertainment
quality video, with precisely defined requirements for
throughputs and delays. The UBR traffic category is intended

35 for applications like data file transfers with minimal service
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guaranteed by the ATM network, provided a source doesn't exceed its

traffic contract (degwd IBR bafficabéhiice categafyaietiftendédrtend CDV) that
the network, ¢ ! lofldn¥ighiif' Support applications with vague requirements for
throughputs and delays, particularly traffic from certain types
of data sources {(data applications), where a specific set of
traffic parameters, such as a required SCR or MBS, or a
specific guaranteed QoS parameter (such as a maximum and/or
15 mean cell delay) cannot be readily defined. The nature and
constraints of the ABR service category as presently
envisioned is described further by F. Bonomi in *The Available
Bit Rate Service", §3 Bytes (The ATM Forum Newsletter), v. 3,
n. 4, Oct. 1985, incorporated herein by reference. Further
20 information on the service categories, traffic parameters, and
quality of service parameters may be found in the "Traffic
Management Specification”, Version 4.0, ATM Forum/95-
0013R10, Straw Vote, February 1995, incorporated herein by
reference.
25
The present invention solves the problem of mixing
multiple service categories on the same physical link or media
by utilizing an esvent scheduler, i.e., a calendar queue, or event
scheduling method. The event scheduler may be embodied in
30 software, hardware and firmware.

An event is defined as the process of removing a cell
from a queue and the subsequent transmission of the cell on a
link of an ATM network. A task is defined as a “scheduled”
35 event. A task object has a predetermined number of
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transfers wth mtipfake? CaMliC4re routed to a queue of a plurality of queues
(104) utilizing a cell multiplexer, in accordance with the
information in the cell header. Where the queue is not
15 presently empty when the cell arrives, the cell is added to the
queue. Where the queue is empty, the cell is added to the
queue, and a reguest to schedule a first event (110) is made to
the event scheduler (108).

20 This request results in a task being generated and stored
(gueued) inside the event scheduler. Each task typically
includes at least: a desired execution time that indicates the
earliest execution time, a queue identification (ID) field, and a
priority field. The task is executed at a time equal to or

25 greater than the time stamp that is associated with the task.
The priority field is used to resolve contention between tasks
with the same time stamp (i.e., the highest priority task will
execute first}). The queue ID field includes information
specifying which data queue will be serviced when the task is

30 executed. The output of the event scheduler consists of events
(114). An event is generated when the event scheduler
execuies a task. The event contains a queue number (queue D).
The event is then sent to the cell multiplexer (106). The cell
multiplexer requests the cell from the queue indicated by the

35 queue ID; the cell is sent via the cell muiltiplexer (106) to the
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sol ves the rpﬁ:&bl em of m Xi ng mul tiple service categories on the sane

physi cal medi a by utilizing an event scheduler, i.e., a
cal endar queue, or evEhe event scheduler (108) generates an event (114) when

it executes a task. The event is a request for a cell from a
specific queue.

15 The requests to schedule an event are typically received
from two external sources, e.g., the VP/VC Routing subsystem
(the enqueuing process) and the cell multiplexing subsystem
(the dequeuing process). Requests to schedule an event resuit
in the generation of a task object inside the event scheduler.

20 At any particular time instant, each data queue has at most
one associated task object inside the event scheduler, i.e., a
pending task. Thus, where a queue is empty, there is no
associated pending task waiting inside the event scheduler. |If
the queue is non-empty, then there is one and only one

25 associated pending task in the event scheduler. The maximum
number of tasks in the event scheduler at any time instant is
equal to the number of queues, and the minimum number of
tasks in the event scheduler is zero.

30 To generate and execute a task, a request to schedule/re-
schedule an event, wherein the request includes a queue ID, is
sent to the event scheduler. Typically, the queue ID is used as
an index to a predetermined set of lsaky bucket parameters
associated with a shaper tor an associated queue. A feaky

35 bucket algorithm is known in the art and is defined in the "ATM
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task priority. That is, there may be many pending tasks 5 waiting for
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associated with the VC. For example, for the CBR service
category, the PCR and CDV specify the required spacing in time

10 between a time series of cells. For the VBR service category,
the PCR, SCR, and MBS traffic parameters specify a conforming
traffic source. A task data object, which contains an implicit
time stamp indicating the desired execution time, task
priority, and queue ID is input to the real time task

15 scheduler/calendar queue. The real time task scheduler stores
the task object until the desired task execution time. When
the cell counter (220), i.e., a real time clock, increments to the
desired time of the pending task, the real time task scheduler
moves the pending task into the corresponding priority queue.

20 At each cell clock, a priority decoder/multiplexer removes a
single task from the priority queues using, e.g., head of line
priority (HOLP). The queue ID is passed through the externai
interface to the cell multiplexer. Thus, the event scheduler
sends a time series of events to the cell multiplexer, where

25 the series of events are a set of queue IDs that specify a valid
sequence of celis that fulfill predetermined traffic contracts
for every VPC/VCC (virtual path connection/virtual circuit
connection). Traffic shaper calcutations are implemented in
the desired task execution time unit {204).

30

FIG. 2, numeral 200, is a block diagram of an event

scheduler in accordance with the present invention. In the
preferred embodiment of the present invention, cells are
enqueued in per connection data queues in one or more cell

35 memories. Then the “first arrival” cells are broadcast to an



. qQueue,’ and :a request to schedule a first event (110) is nade to t he
event scheduler (108). 20 This request results in a task being

generated and stored (queued) inside the event schedul er. Each task
typically i ncludes at least: a desired execution time that indicates

t he ear | ivpghygy@cution tinme, a queue identification (I Dpcriigéshaeand a
priority field. The task is executed at a tine equal to or 25 greater than

the tine stanp that is associated with thettask. The priority field is
used to resol ve contention between tasks with the sane tinme stanp
(i.e., the highest priority task wll execute first) The queue | D

field includes i LB | c'
servi ced when thg%d@ krﬂ@gscee ecut e ¥h€_gs c{iﬂeld Cﬁtl? a/fgr}ggéchedul er
consi sts of evensghedules g finst Wﬁi“@ﬁ@-nt ‘°1 st el t

schedul er esecalicel that askived at aveattaptyodam qaeae.qu‘é’henrthebblstémueue

| D The ev S 6 cel |
rTLI|)tI pl exer requgfs];tsét ﬁpm ﬁﬁ%’ % tfﬁ?ar%%%siﬁ#dftirﬁé §Er\§1§€ 2=%‘oe-gb(?}jeue | D;
the cell is éntandapmntataterrmfpﬂpa@saer ate) p§pd; méculate (204) tbe

97/ 34395 “garliest” transmission time for the next cBT/whith 03922

Vo deter m e IohoftaliNRIEh A8 |€Ihedda W% BBl Yme SR WenblEde! |
then the cell nmu(206) ermrca@ndbeaqueuﬁ;éeus éstq\lé ‘index *?e%]uest : ncI udes

the queue I D. O prgdetefmingel iseh ofclexigabucket pdramibterd (RO8Y wiilized i num
schedul er gy, al 50 DEHUERY 107 U alSobilfed queue (104). The real time task
scheduler stores the task object until the desired task
execution time (TIME EARLIEST). When the csll counter (220),
i.e., a real time clock, increments to the desired time of the
pending task, the real time task scheduler moves the pending
15 task into a priority queue. The output of the real time task
scheduler (206) is sorted into a set of priority task queues
(210). The priority task queues are then serviced in a head ot
line priority manner, or in a WRR manner utilizing a priority
decoder/Multiplexer (212) to provide a task output (214) to an
20 oexternal interface (216). The external interface (216) sends a
request for the cell to the cell multiplexer (106). The choice
of service is based on a tradeoff of implementation compiexity
and product requirements.

25 For each transmission cell siot, the highest priority task
is chosen and used to generate a request to service an
appropriate data queue, i.e., to fetch one data cell from a
specific queue. Where the queue is unempty, then, in
accordance with a cell counter (220), the calculation of the

30 “eartiest” transmission time for the next cell from the same
queue is determined.

FIG. 3, numeral 300, is a flow chart showing one
embodiment of steps for a method for scheduling transmission
35 times for a plurality of cells on an outgoing link for a



cell loss priority (CLP) bit of the next cell in the queue. The CLP

bit indicates whether the cell is to be considered a high priority or
|l ow priority cell if and when the network is congested and sone cells
may need to be discarded. 10 The event schedul er (108) generates
an event (114%0\@’5 It executes a task. The event is a request for a
cell froma %%CIfIC queue. 15 The requests to RCRTPe22y
event are typically received fromtwp,external sources, e.g., the

VP/ VC Routi ng subsystem (the enqueui ng process) and the cel |

mul tipl exi ng subsystem (the dequeui ng process) Requests to schedul e
an event result the generati.on of task ect |nsi de the event
schedul er. 20 nfﬁ?r”cqr\:g'i ﬂfﬁ@ ?ﬁ%‘?g has at nost

one associ at ed tmwémtimj ecThensietbod hiachudest A):hﬂdizlrfg a Icedi buffer pendi ng
task. Thus, whergy Moy :hlsv.hgt sgnm&eaﬁ fieF Jor E};ﬁgsméaﬁsﬁa IR§"84 N9

task waiting i nS| eve i's non®enpty,
then there is or@ §n’& Bﬁryc"(m'@c N QUeYRY & Q) k‘9| f the event
schedul er. The nnuituplsnservncenmdﬁegoqf schelalernfomhacheduolingchedul er at any

time instant isyanem@d égerntﬁ@bgiu@ilgﬂt&ugéns%é&s jgpum nunber

tra
of tasks in trhe even ener at e and

execute a task, a&“ﬂ%‘qtf@i‘?’ﬁ'ﬁs'gﬂhﬂmﬂsep eat leaist 9Re chravioys, cal r‘a 4)aher ei n
the request i nciTygtcally, theueonimunication nework is tare aswnhrm&\miul er.

P icer e o ik Eloh® MR rdwark. dﬂ&g'&%esﬁffer%gﬁ«%ﬂgtrﬁa ggd set of

| eaky bucket parane a assocCl a SOCI at ed
queue. A | ehRy Jocalgdciteanyingsess port, AN fQrRsS qurHe°'é|at cgptral Mmempeied i n
the "ATM of a centrally buffered switch.

FIG. 4, numerat 400, is a block diagram of an event

scheduler for scheduling transmission times for a plurality of

15 cells on an outgoing link for a communication network in
accordance with the present invention. The event scheduler
includes at least a first cell buffer memory (402) having a
memory controller, coupled to receive the piurality of cslis,
for storing the cells in per connection queues, scheduling first

20 events, and re-scheduling events; and at least a first multiple
service category scheduler {(404), coupled to the at least first
celi bufter memory, for scheduling transmission times for the
plurality of cells based on prior actual transmission times of
previous cells. The communication network is an asynchronous

25 transmission mode network. Generally, the cell buffer memory
is located in an ingress port of a switch, an egress port of a
switch, or a central memory of a switch wherein the switch is
centrally buffered.

30 The memory controller {(402) typically includes one or
more of the following capabilities: 1) memory allocation
between a plurality of logical cell data queues, 2) link list
processing for implementing per VC and/or per service
category cell data queues, and 3) congestion control

35 mechanisms which can include the marking and or discard of



WO 97/ 34395° PCT/ US97/ 03922
10 User-Network Interface Specification", Rev 3.0, The ATM
Forum PTR Prentice Hall, 1993, pages 77-89. Then | eaky bucket - I'i ke
algorithnms are executed to provide a "desired task execution tinme" and
a task priori gieneral , for all service 5 categories, Rssapt ed
desired task t(g,xzzec'llutlon time is the earliest allowed ti me&?
transmtting the next data cell for a t1&/irtual connection (VC) wi t hout
violating the traffic contract associated with the VC. For exanple,
for the CBR service category, the PCR and CDV specify the required
spacing in tinme 1 series of .cells t rvice
cat egory, ﬁﬂﬁcﬁ'g@éﬁngaﬂgm"{rpﬁﬁw %%fﬁef‘gr %'BE@?%@@
conform ng thesz negetlaterb traffic actntsacts. obj ect, which contains an
i nmplicit time stanp indicating the desired execution time, task

tinme, task

priority, and queue 1D is input to the real

schedul er/ cal endar quﬁ]@. ml‘ﬂ@s?ré’é"fe tGate9PRE |schadter e“éﬁow&éca"y the task

obj ect until § helrdﬂndiesaohtmmlaﬁenuuhun(aﬂm forreaiculatingt hedesiredcount er

bendi g task, "t naansh ﬁﬁﬁ"&“ KR DaRG ditPutting o WA, et YodR 8 (TP

t he correspondl ngrﬁfr rea 'V’%J@ﬁé é’l?‘ﬂi?r e@gﬁ)’cé’ﬂ‘p&%é? cgﬁb‘? 'b&?

decoder/ mul ti pl exeit (204)y dor ausing thei ngB’edatrhnSmmhetlma doi gqnepmeles

using. e heag glod Ptne desiféd YdrstribbiohPlime ,E ng Rrigode sed
ofity

h h th
tevreﬁ'ltjgscﬁleguﬁe ternr)‘o a‘s%ﬂdgJf Prar ﬁictgél %et@s gblﬂfmatB QQPPQ L&)BI exer,

where 25 the se(2t2), cdoupledtte the at west d fistueal Bima hask ssohwduje val id

sequence of ceII tgab Ul I [ S for
evgry VPG VCC (V] rtéJZ forUlati & trQﬁQﬂﬁéﬁéﬁ“m&ﬁ:ﬂN FerﬁBOir{ga%‘t mog(t: tion) .

t
Traffic shaper cgf‘ﬁuﬁaﬂ‘l &Hg‘ gﬁgnﬁe#p?fmﬂﬂ\éb q"e”etshéngeg'ﬂﬁpé'gt'rf%ﬁ(

execution tinme unequgstow) theomemory controlier (402) to service a specific

15 cell queue. A cell clock (218) is typically coupled to the real
time task scheduler (206), the priority decoder/MUX, and the
cell counter (220) to signal the priority decoder/MUX to
remove a single task from the priority queues. The cell counter
{220) is a real time clock which, when incremented to the

20 desired time of the pending task, signals the real time
scheduler (206) to move the pending task into a corresponding
priority queue. The cell counter vaiue {Time Now) is also made
available to the calculation unit {204) for calculation of the
desired transmission times (Time Earliest} of cells.

25

FIG. 5, numeral 500, is a functional view of the event

scheduler for scheduling transmission times for a plurality of
cells on an outgoing link for a communication network in
accordance with the present invention. The memory controlier

30 (402) partitions the cell buffer memory (402) into per virtual
connection queues (508). In FIG. 5, only one logical queue is
shown ( for clarity), but in specific embodiments, the memory
controlier would typically partition the memory into multiple
logical queues, where the gueues may be either one queue per

35 virtual connection, or possibly, one queue per service category.



.FIG 2, nuneral 200, is a block diagram of an event scheduler in

accordance with the present invention. In the preferred enbodi nent of
the present invention, cells are enqueued i n per connection data
gueues in one or nore cell 35 nenories. Then the "first arrival"™ cells are
broadcast to WD 97/ 34395 .

PCT/ Uso7/ 039320 9734388 ‘ 11 PCT/USITR0R,|
interface (202) of the scheduler so that ghe schedul er schedul es a
first request. A "first arrival"” cell is defined to be a cell that
arrived at an enpty data queue. Then the history of the arrival tine,

past transmi ssign tinmes, service category, 5 and present state

i nformat i on ar eQiBeH 9@%‘&‘?’399%6“3{-20%&'{%'"0'9’ thee partitian "ot etk ni ssi on
time for the nekufferirhemary (402) into tlogivalridata ayueliese(508)i nery thed into a
real time task ﬁﬁggqghgfh %ueugs(%(?(‘\)%riﬁy@'lgﬁg{l’y Euhb@s%ﬁgﬁ fhg | s used as an
i ndex to a predeferm ned set .ol 1'eaky Buckef paraneters (208)
utilized 10 fofMmemenssantralier A(#02)s ncludes dynarmic Toemonthalieeation | re t ask
schedul er stSr esapabilitpthragte atseurdfi wellnkndwsi liak listsgata structueesit i on
time (TIME EARLI EST). Wen the cell counter (220), i.e., areal tinme
clock, increnents to the desired tinme of pendi ng task, the real

t he
time task schedul er YNhemsat gell {5R2) rayrives at tha cellt memaryi (402)y theeue. The
output of the rarimbiyreohtroller makeés e Heoisioh 20 either sstokedthientelidinset  of

Pr S e o U leat b6 osi b WA 1d Ul UCHRE offiet 1T o€ o
priority 10 depetationvofidiscasding @ call is implemensted tbyspobatpring( 214) to
an the cell in the cell buffer memory (402). This would resuit in
the “loss" of the cell by the network as far as the uitimate
destination is concerned, and should be avoided whenever
possible. The discard decision may, for example, be based upon
15 a simple threshold (510) which specifies the maximum length
atllowed for a logical data queue (508). |f storing the data cell
would cause the queue 1o exceed the maximum queue length
specified by threshold (510), then the cell is discarded, eise,
the celi is stored in the cell buffer memory. The discard
20 decision may also be selective. For example, if the cell {502)
contains a CLP (cell discard priority bit), then the state of the
CLP bit in the cell (502) may result in the memory controlier
(402) using one of two different queue thresholds (i.e., 510 or
512) to decide whether or not the cell (502) should be stored
25 in the logical queue (508). For example, consider the case
iflustrated in FIG. 5 where celis (604; 506) are already stored
in cell queue {508) when cell (502) arrives., If the CLP bit in
cell (502) is equal to "1* then the memory controller will use
threshold (5612) to make the discard decision, and the resulting
30 decision will be to discard the celi. If the CLP bit in the cell
(502) is equal to "0", then the memory controller will use the
threshold (510) to make the discard decision, and the resulting

decision will be to store the cell.



20 external interface (216). The external interface (216) sends a

"request for the cell to the cell multiplexer (106). The choice of
service i s based on a tradeoff of inplenmentation conplexity and
product requirenents. 25 For each transm ssion cell slot, the
hi ghest priori I s chosen and used to generate a r
se?vice gn 6V¥'§.'Ip')'propriate data queue, i.e., to ?etch one data ce??&ﬁ%on1a
speci fic queue. Were the queue is unenptyqgthen, in accordance with a
cell counter (220), the calculation of the 30 "earliest" transm ssion tine
for the next cell fromthe sane gueue i s determ ned. FI G

method for schedul i ng % P Metieofonedle WB1a) i sEORR, P g5k’ viRY o 2,
gUt?Bngg/ l)i?,g;zf orpaces or governg\th@7 calisgansmission times from t'he logical o
ng work in accor cF ar%ta;eqlillﬁ'ﬁ’? é?uoeta)ﬁr ('a'foﬁginqta"y' ﬂ?e isr?\t)eﬁ?lieﬁ%anﬁé}ﬁiﬁ?f imné:cl udes:
A) utilizing a céfqv’?ﬁuf‘w%'Fh elc Pycﬁg%fﬁ%maﬁl‘ferﬁﬁq&/b roller for
storing the pburality of cells in per connection queues (302); and B)
utilizing a 5 nultiplgasey vhghefal 606 ¥ aCHIBWUERAN SHowiRgeaHbiHY
transmi ssion times for, the urality of cells hbased on,.prior . _.actual
transnission ti n&“B?d'ﬁeqtegétStm r%v\“@@é"iépf i"?ﬁ?ﬁl}mﬁg 85"W%SPI y, the
communi cat i on nettimek fos aplamjity lofocaliss on an outgoing tink for a
communication network in accordance with the present
10 invention. The method includes the steps of: A) enqueuing (or
discarding if the data queue is congested) (602), by a memory
controller, the cells in a plurality of per connection data
queues in at least one cell memory, wherein each queue has a
queue ID; B) notifying (604), by the memory controller, at {east
15 one multiservice category scheduler, where a data queue is
empty immediately prior to the memory controller enqueuing
the cells, that a first arrival has occurred; C} calculating
(606), by a calculation unit of the multiservice category
scheduler, using service category and present state
20 information associated with a connection stored in a per
connection context memory, an earliest transmission time,
TIME EARLIEST and an updated PRIORITY INDEX and updating and
storing present state information in a per connection context
memory; D) generating (608), by the calculation unit, a “task”
25 wherein the task includes: D1) the queue ID; D2) the TIME
EARLIEST; and D3) the PRIORITY INDEX; E) inserting (610) the
task into one of a least a first calendar queue; F) storing
(612), by the calendar queue, at the calcutated TIME EARLIEST,
the task in one of a plurality of priority task queues; G)
30 removing (614), by a priority task decoder, at a time equal to
or greater than TIME EARLIEST in accordance with a time
opportunity, the task from the priority task gueue and
generating a request to the memory controller; H) dequeueing
(616) the cell by the memory controller and transmitting the
35 cell; I} notifying (618), by the memory controller, where more



transm ssi on node network. The cell buffer nenory may be 1 0 located in an

i ngress port, an egress port, or a central nenmory of a centrally
buffered switch. FIG 4, nunmeral 400, is a block diagram of an
event schedul er for scheduling transm ssion tines fEr a plurality of
15 cells on g ing link for a communi cati on network in

accordance mﬁtﬂgﬁﬁh&gregent i nvention. The event schedul er PCTUSI{B39%Res at
| east a first cell buffer nenory (402) hqg ng a menory controller,
coupled to receive the plurality of cells, for storing the cells in
per connection queues scheduling first 20 events, and re-scheduling
events; and at st a first servi ce category schedul er
(404), coupl ed ‘Eé § Hemain| E%ls'?e f‘i’?@%m'ﬁed the | myltisesvicee eategonyor

schedul i ng t r anschezhilen thatntiee per ddimection Queudis tongrhpBge!J)s based on
prior actual ”é’&é ﬁl (620 mﬁ/ Phe calculBﬁSK' gﬁl L@??t QJEGJﬁ n| cat |hce)n

network is an ous net

cell buffer ne qrp ?%Hﬂpéquﬁhgﬁ ﬂ:lﬁ NEE)%baﬁe%pnaseswcech an
egress port Sof tegory samd Qivesent astatentiniormation’ wssbciatédi With Werein the

| [ f roI.I er (402)
tS\;/lelt ggl : f/ I ncl cggm one f%rm "%ﬂm@ %?1 ﬁtor]g%q I%gﬁa?ggééoﬁq‘
merory al | ocat |'Bn e perpeanpastion spotextmemsary; &)i gereraling @2%) queues 2)

link I'ist whenee tise rp;rfmnneunbnnqmwmgs nﬁfemﬁyaraihew P@ék s8iny \m )
category cell Gtﬁbaugaﬂéﬁ Edeghl.‘ieége%y tHe eawas%?@.;;fgﬁ g@és”‘s 'c
can includ e mar or

PCT/ US97/ 0?,@22 connectto returning to step E, and otherwise, where the

per connect:on gueue is empty, waiting for the notification
(604) by the memory controller and returning to step C.

FIG. 7, numeral 700, shows additional steps for utilizing

15 the method of the present invention in constant bit rate (CBR),
available bit rate (ABR), variable bit rate (VBR), and
unspecified bit rate (UBR) packet traffic in a cell-based
switch. For constant bit rate, CBR, packet traffic in a packet
switch, step 620 includes (702) updating TIME EARLIEST using

20 a predetermined function of one or more of the negotiated
traffic parameters for the connection (PCR, CDV), the present
value of the real time clock TIME NOW and state information
associated with the connection that is stored in the per
connection context memory. For available bit rate, ABR,

25 packet traffic in a packet switch, the following steps (704)
are included in step 620: A) updating TIME EARLIEST using a
predetermined function of the negotiated traffic parameters
for the connection (i.e., the negotiated PCR and MCR), the
present value of a real time clock TIME NOW and associated

30 predetermined state information (such as the previously
computed TIME EARLIEST) that is stored in the per connection
context memory; B) using a predetermined algorithm, such as
a leaky bucket algorithm, to determine if the actual
transmission packet rate at the output of the packet

35 multiplexer is falling below the negotiated minimum packet



.13 ' ‘cells originating fromsources which are not conpliant with

their negotiated traffic contracts. The multiservice category
schedul er (404) typically 5 includes a calculation unit (204), for
cal cul ating a desired transm ssion tine of each cell and outputting a

task; at |eas first real tinme task schedul er (206),
%"&”ﬁ’ﬁ? (204), %’?’%@J’? 0

cal cuI ation for uSing the desired transm ss

generate a task at the desired transgysm on tine and placing the task
10 into a set of priority task queues (210); a priority decoder/ MJX

(212), coupled to the at least a first real tine task schedul er

(206), for, at a tra |on opportunity, QoVi.n one task
fromthe set of "BF‘F'OM ofstpe B&‘J&"t‘é’ﬁd%ﬁ{gﬁ m@giﬂe@'ﬂoﬁ%ﬂest to the
menory control | dNOEX2lo onesef \atcleast twocdifiererit 5noc|ty llevpisuas a\ cel |l cl ock
(218) is typical BHRA real gh 0; t he
priority decoderé %ﬁﬁ ri_ﬁg?hﬂ"{é%n of ‘f‘e actl{d l E %ﬁ;ﬁo QIQH;' ﬁf‘n%ﬁ f
priority decoderst %)@to or varjable, ki ie B rP%‘P'ﬁty queues.
The cel | couft erswitch, tl@@ilowmg smﬂs ('me) drechcmdemm vﬂtep 620r éjented to

the 20 d d :
schedul or ( 206) YR8 pieder b:ék{g%?t A8 dbibrinie

Into corresgfo priority
queue. The cel | a3y éﬁam'ﬁ °{‘TP alovte; §téh§o°HiR!’é dg%?K%bl e to the
cal cul ati on uni tm@Riplexdrofaklsl palowt @omegbtiated sustaihable epadketneatiessi on
times (Time Ear 'SQﬁt )fonthﬁeJEc’n?nec%né B) duFmrg goglle%eﬁéﬁnqﬁ%%@rorﬁﬂ& td> @

functi onal VI ew 0 ansm SsSi on

times for al@ urdgt ?f’?"!ﬁ whetheg an actial,lrapsrissiag Paciel Bteaat @huni cati on

network in autpot ddnthe \paoket maultipdesaort is exeedding arllbeirste fimiy,
controller 30 (483 rBAtHd bbR O hpasifg ﬁgmﬁeﬁgﬁuéé%s.hg per
one | queue is

vi rtual connectijon qu
shown ( for cl arﬂrﬁgfterﬂllf‘egﬁug an‘;fc°Bﬁb%m%'r?c of thﬁe"?rﬁ
traffic parameters for the connection (PCR, CDV, SCR, MBS),
15 present value of a real time ciock TIME NOW, outputs of steps
A and B above, and predetermined associated state information
for the connection that is stored in the per connection context
memory; and D) setting the PRIORITY INDEX to one of at least
two different priority levels as a predetermined function of
20 the actual transmission packet rate at the output of the packet
multiplexer determined in steps A and B. For UBR packet
traffic in a packet switch, step 620 includes updating (708 )
TIME EARLIEST to TIME NOW plus packet period, where packet
period is a reciprocal of a peak packet rate and storing updated
25 TIME EARLIEST in the per connection context memory.

Also, as shown in FIG. 8, numeral 800, for constant bit
rate (CBR) packet traffic in a cell-based switch, the following
steps are included: A) in step 606, on first cell arrival, where

30 a TIME NOW is greater than TIME EARLIEST, updating (802)
TIME EARLIEST equal to TIME NOW, where TIME NOW is an
output of a real time clock, and storing updated TIME EARLIEST
in a per connection context memory and B) in step 620,
updating (804) TIME EARLIEST to TIME EARLIEST pius cell

35 period, where cell period is a reciprocal of a peak cell rate and



controller would typically partition the nemory into nultiple | ogi cal
gqueues, where the queues nay be either one queue per 35 virtual

connection, or possibly, one queue per service category. WO

97/ 34395 PCT/ US97/ 03922

14 a ibilities exist. Furthernore, the parti;icgn.of cell
buffer nmenory (4 I'nto | ogical data queues (508) may be ’f’fs’y@a’?ength
queues, or variable | ength queues when thgg menory controller (402)

i ncludes dynamic nmenory allocation 5 capability through use of well known
link list data structures. When a cell (502) arrives at the

cell nmenory (402), .the Y, | er ,makes a decj.sion to either
store the cell iftorng uw@epomg@%@é%g&;@@he BET fonpectign gantexyy | pe
cell. The 1 0 omenxiryonTid RRBIORITY INDEXcelueiof steps 6&d6nand 620 obt st oring
the cell in the | gb icAMahitiali ) [ 1 ' t he

"l oss" of the ceﬂéhg ﬁ]g?é]'gtvvorE“‘z?gﬁ?grtoa?tf%g‘ﬂﬁﬂsihnaﬁgﬂw .nggsta Pgat I on

i s concerned, an®RH EIW“S@W& ded whenever possi bl e. The discard
deci sion mayS for exanple, be based upon 1 5 a sinple threshold (510)

whi ch specifies the mag ; e thresnol d
(508) . FF Cstoring thd St o cufietel 900, IRSANES d Hméid tbrihel 2 BUFLS

maxi mum queue | rgtion °’a§g§5}‘PF’E@fb9“¢jﬁFSgﬁ?ﬂsgp?@%@?gt%lij’ge%?tﬁ% ?ggfjl t |h§
di scarded, el se,for a CBRecareidction. sivroads (8025 804¢I1906D §08anded®0)y. The
discard 20 decigdpite BN ArtivaPtintéd,CoeVE - tife" i8Ny th| el OveCfibim (902)
10 left to right. In the first step (802) of FIG. 8, on first arrival
(902), where TIME NOW is assumed to be greater than a
previously computed or initialized TIME EARLIEST, TIME
EARLIEST (912) is set to the value of TIME NOW when the cell
(910) arrived. The cell which arrived at time zero (902) is
15 shown as being transmitted at an actual time (920). Note that
the transmission time (920) Is shown to be slightly after the
scheduled time (912). This would occur due to possible
contention in priority queues (210) in the scheduler (200).
However, for the CBR traffic class which typically has highest
20 priofity in the priority decoder (212), the delay between the
scheduled time (912) and actual transmission time (920) may
be engineered to be small. At the actual transmission time
(920), when the cell is transmitted, TIME EARLIEST is updated
per the second step of FIG. 8 {804) to time TIME EARLIEST plus
25 the reciprocal of the PCR. Thus, the calculated TIME EARLIEST
for the second cell (904) is after a time period of 1/PCR (914).
This process continues until the data queue is empty. In the
illustration, five cells are shown arriving to the queue, and
five computed TIME EARLIEST and five actual transmission
30 times are jllustrated. The salient features illustrated are the
following: 1) The scheduler smoothes CBR traffic in the sense
that the celis are transmitted in an almost petrfectly evenly
spaced time intervals (1/PCR) even when the cells arrive with
considerable cell jitter. This is possible through the use of
35 the per VC cell queue, buffering a few cells (note cell length



contains aCLP (cell discard priority bit), then the state of the CLP

"bit in the cell (502) may result in the menory controller (402) using
one of two different queue thresholds (i.e., 510 or 512) to decide
whet her or not the cell (502) should be stored 25 in the |ogical queue
(508). For ex onsi der the case illustrated in FI
cells (504; 5 zéfggalready st or ed in cell queue (508) 1@%%@&??
(502) arrives. If the CLP bit in cel 49(502) is equal to "1", then the
menory controller will use threshold (512) to nake the discard

decision, and the resulting 30 decision will be to discard the cell. [If

tcgﬁt %ﬁ girtW: Inl tiﬁ&st‘?ﬂﬁld in FIG %ﬁzéﬂb stg%qub aaer%ﬁlchhﬁﬁcéé‘ecceﬂi%m . SI on.
and the resul ti i} the u F%Y(ﬁ?ﬂﬁeldl Sﬁbe@ ed; Yapshigsieq| fimes ?'HW

97/ 34395 EARLIEST). 2) The combmatton of the per VC ffat4 dRstie83922
L imjellefiefited by e SRR Cot®fer hid e dcAgadier digsk | whi of

paces or gover ns

queues (508) 5 Ldgpiates various Jraftiguseurcesnina \A)@ﬁ/ get “Y‘Pr"g‘ devi ce
whi ch fetches thsusrantéeihgothdtheonrids whithr obep their traffic cbhfact, nuneral

600, 125 110w i i G odhl U5 s, SR TlgCingi A 2 1o
out goi ng | ink fceondract. Thisomaynb eeabwefétmkf-‘ﬁa %dqyoﬂeanﬁeumh t he
present 10 i nveippent td e rgudued laritth udhen tthees claselp fspabedesaNeui ng (o
di scarding iy tNgodatehel UGHE doB) CRIES! T §38dé 1eRY? sIEHP Y
increase. In the iflustrated case (FIG. 9), the queue length does
not continue to grow to a large value because the average cell
rate over several cell time periods does not exceed the PCR.
However, if a source continued to send at a rate exceeding the
15 PCR for a sustained period of time, the queue length would
continue to grow since the Scheduler would limit the out going
rate to the negotiated PCR. If the memory control sets the
queue threshold value (510) to a small value ( a few cells for
CBR service category), then the memory controller will discard
20 cells from non-compliant sources.

As shown in FIG. 10, numeral 1000, for unspecified bit
rate (UBR)} packet traffic in a cell-based switch, the following
steps are included: A} in step C, on first cell arrival, where a

25 TIME NOW is greater than TIME EARLIEST, updating (1002)
TIME EARLIEST equal to TIME NOW, where TIME NOW is an
output of a real time clock, and storing updated TIME EARLIEST
in a per connection context memory and B) in step J, updating
(1004) TIME EARLIEST to TIME NOW plus cell period, where cell

30 period is a reciprocal of a peak cell rate and storing updated
TIME EARLIEST in the per connection context memory. The
PRIORITY INDEX value of steps 606 and 620 of FIG. 6 is
typically initialized to a fixed UBR-priority value and remains
unchanged.

35



controller, the cells in a plurality of per connection data gueues in

at | east one cell nenory, wherein each queue has a queue |1 D; B)
notifying (604), by the nenory controller, at least 1 5 one nultiservice
category schedul er, where a data queue is enpty imedi ately prior to
t he nenory CORY, “Pﬁk enqueui ng the cells, that a first _arrival has
occurred; O céfcu ti ng (606), by a calculation unit o TR3922
mul ti servi ce cat egory schedul er, usipg service category and present
state 20 information associated with a connection stored in a per
connecti on cont ext nenDry, an earliest transm ssion tine TI MVE

EARLI EST and an updat RICRl T N and updating.a toring
present state infor n£§ §E owp I }éb %ﬁn@ﬁ | 8899e>€9r a"a"ahtenﬂtyfa@)
generating (608)(AEB() tﬂm:mmaﬂmt immna uceli-basedt switth 2 heWrsilowingt he t ask
i ncl udes: D1) th% the TI ME EARLI EST; and D3) the

)1

PRI ORI TY | NDEX; ertl E@ t task _into one of a |east a
first cal endar queuer}\s) §P%? 3866) 0?(%92)6 g finst cedl arrival, ytheke aat the
cal cul ated TEME EARLITHME NOW istdrealenshan TIMECEARLAESTyral ity of priority

caal Tt GLrBSrere”‘”m% é@f}s@”@ﬁ EARUIBST SE6E R IRE 7' ™
opportunity, the tas%cs 3 A0 gutRut ofra real timeeplock: i ng a
request to the menoryandostoringl updatedl TIMEIEARINEST in 46 comsectionl by the

menory contro: : er ang },;é}&smet,ﬁér@gaﬁae 35\/\83"9'7} 3411%),920tifyi ng (618), by the
menory con er, where
PCT/ Ué97/ 03 § K%S sefting a RESET FLAG to TRUE ip a per

connection context memory;
B) in step J (620), including (1104):
B1) one of Bla-B1b:
Bla) where RESET FLAG is equal to TRUE,
15 setting RESET FLAG to FALSE and setting THRESHOLD
equal to TIME EARLIEST plus {a predetermined constant
times a reciprocal of a predetermined minimum cell
rate} in the per connection context memory;
and B1b) where RESET FLAG is equal to FALSE,
20 setting THRESHOLD equal to THRESHOLD plus a
predetermined reciprocal of a minimum cell rate;
B2) updating (1006) TIME EARLIEST to TIME NOW
plus cell period, where cell period is a reciprocal of a
peak cell rate and storing updated TIME EARLIEST in the
25 per connection context memory;
and B3) where notified in step | (618) that a per
connection cell queue was unempty, including (1106):
B3a) where TIME NOW is greater than
THRESHOLD, setting the PRIORITY INDEX to a value
30 indicating a high priority ABR task queue;
B3b) where TIME NOW is less than or equal to
THRESHOLD,
B3b1) setting the PRIORITY INDEX to a
value indicating a normal priority ABR task queue; and



.cells remain to be transmtted, the nultiservice category schedul er
that the per connection queue is unenpty; J) cal cul ating (620), by
the cal culation unit, an updated TIME EARLI EST and an updat ed

PRI ORI TY | NDEX based on service 5 category and present state information
associ ated wi 3&3555 connection, and updating and stori

state i nformli in the per connection context nenory; generati ng
(622), where the per connection quepg is unenpty, a new task using

t he updated TI ME EARLI EST, by the calculation unit, for the 10 connection
and returning to step E, and otherw se, where the per connection’

queue is enpty, waiting for the notdf,igati.on menory
égﬁé‘) where THEIEé%ﬁbn%yn%}re%?ermo, shows

controller and returning to step C. 1 70
addi ti onal steps for thamn TIME(NOW plue {acprasietermined poastant multghedon i n

(VER and | nspoll fi [pipIGRer dfol GredatatriRd Mmook YAeD | b rsed
switch. For constant sﬁhngr é%éé‘-ﬁpéﬂﬂ@‘ﬁﬁ\ﬁ. lgbﬁ PAUT)A ponstant o ; tch,

step 620 incbudes (70itipfiadt bygthel xecipratal Eefr thei predetermingddet er mi ned

function of one or npniiAlind RINQERY) at ed traffic paraneters for the
connection (PCR, CDV), the present val ue of the real tine clock TIM
NOW and state information associated with the connection that is

stored in the per FiGc d2pewumeral cb20@x illustrates . a Fimelinei farbthes bit rat e,
ABR, 25 packet dg&&ﬁbﬁ b a2SEAREYGIer Wlizidy thBCspatitio étaps Séeria( )
are incl udeg I n t%p 2% c?%i uEgatl pg éﬁ?&b EARLI EST u%lﬁgf@
predet er ni nk8 f fRE@AD peglion;: | ABE raffic paramstel for the
connection (i.e.(spetilyingdhei peakl dediRrate) ancRMCHh{specifying édbent val ue of a
(such as the pr '51%"“‘“@@“*‘@3@9%@%3%@ IR B 8 SRt Tt he
per connecti oﬁ w© Rﬁa)ﬁt@ﬁ }éd@%}raﬁgf 3d aﬁaEAgu'ﬁFere?%Y?ﬂ r?@@sa?ﬁmrl‘g hm
such as- a ltedbe guels @t adeloririviaintimes 66, © 1681, 1..,tGe66.ct udh the
transm ssi opspagiref stéyd vfaFid.Ng10 ﬂ}?, On fikst BARGEIC3B0 M WHdrB! THAE | S
falling bel ow t%owqg ta's%hﬁ%dnw 've B} aattglr< ?rtnan a previously computed or

initialized TIME EARLIEST, TIME EARLIEST C170 is set to the

value of TIME NOW when the cell C160 arrived. The first ceil

is actually transmitted at time C180. Again this is often later

20 than the scheduled time C170 due to contention in the priority

queues (210) between various connections. Especially for ABR

connections, the time between the scheduled transmission

times {C170, C171, ..., C176) and the actual transmission

times (C180, C181, ..., C185) may be considerable, and variable

25 (as illustrated) due to the fact the ABR is typically given
lower priority in the priority decoder (212).

When the first cell is actually transmitted C180, the
reset flag is True (1104), resulting in the setting of the
30 threshold variable to TIME EARLIEST plus a predetermined
constant times the reciprocal of the MCR resulting in a first
setting of the Threshold variable to time C190. The scheduler
also calculates a new TIME EARLIEST C171. The scheduler
determines the priority for the ABR task by comparing the real
35 time clock TIME NOW at the actual transmission time C180
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17 rate, MCR, for the connection; and C) setting the PRIORITY

| NDEX to one of at least two different priority levels as a

predeterm ned function of the actual packet rate determned in step
B. For varlab% | ate, VBR, packet traffic in a packet 5 swi.tch, the
fol | owi ng steps Jﬁ};&;@% are included in step 620: A) usi Hgr/gse7/03922
predeterm ned algorithmto determ ne vvhet£| r the actual transm ssion
packet rate at the output of the packet mul ti pl exer falls bel ow a
negoti at ed sust ai nabl e packet rate SCR, for the connection; B) using
a predeterm ned al gorl thmto 0 determ ne whet her an actual transm ssion

packet rate at Mth the just sgmpwe@ el el dherdiHRESHQED variakle 69l a

bur st IlméI t If thBS]{hfeyhdldnaratwnectarger ﬂiier:ymt prigrity I&tsaﬁﬁbl ESTt us:c ][lg
a pr edet er [ o] 0 raffic
paraneters for ﬂ]éﬁgoln%é%TpHOinyCRBWl C&hg I?ﬁtg‘%%S%bgr@sent val ue of

a real tinme clockl %M'%ut pbeE the Hirspscell illustrated dnaFéGe, 1tind
predet er ni nedl aaﬁeqmrmmy istséteto AKlormali since the THRESKOLDCEG @ that is

stored in the p?érg%ge %ﬁtﬂ@g ggjs'\{veéﬁeo menory; and D) setting the

PRI ORI TY | NDEX two different priority levels as a
predeterm ned function of 20 the actual transm ssion packet rate at the

out EUt of the packet FIG. 1211m¢s'tr&teseth¢i@tsenmegpmél diiohiitfor?\ GIthed. F% 8UBR
PRCKeL 1 oy YRRy ETARAC! ! iy o S e D P B e O )
10 there is a large tnme _delay etween the scheduled

transmission times (0172 and C173) and the actual
transmission times (C182 and C183). This may be caused by a
higher priority traffic source (such as a VBR source) starting
to transmit a cell, or by multiple other ABR sources starting

15 to transmit cells through the same port resulting in contention
in priority queues (210). Note that at actual transmission
time C183, that when the scheduler compares the actual
present time C183 with the just computed vajue of the
threshold C193, that the actual TIME NOW is greater than the

20 THRESHOLD, therefore the scheduler has detected that the
average cell rate ot this ABR connection is falling behind
guaranteed MCR for the connection, as a result, the priority
C150 for this ABR connection is momentarily increased to
Hi_ABR_Priority which will increase the priority of this

25 connection in priority decoder (212). This will decrease the
delay between subsequent scheduled transmission times (C174
and C175) and actual transmission times (C184 and C185)
until the scheduler detects that the connection is meeting or
exceeding its minimum cell rate, at which time the scheduler

30 will decrease the priority to Normal as illustrated.

As shown in FIG. 13, numeral 1300, for variable bit rate
(VBR) packet traffic in a cell-based switch, the following
steps are included:



.period is a'reciprocal of a peak packet rate and storing updated 25 TIME

EARLI EST in the per connection context nenory. Al so, as shown
in FIG 8, nuneral 800, for constant bit rate (CBR) packet traffic in
a cell-based switch, the follow ng steps are included: A) in step 606,
on first ceII where 30 a TIME NOWVis greater than H%.WEST’
updating (802) 6@”3@#5‘ ME EARLI EST equal to TIME NOW where TI |s2 an
output of a real tine clock, and storing upglated TI ME EARLI EST in a
per connection context nmenory and B) in step 620, updating (804) TIME

EARLI EST to TI ME EARLI EST plus cell 3 5 period, where ceII period is a

reci procal of a peak [ 1 rat
PCT/ 8897/ 03922 P %3 %6 (1302), OHVE'S% cq?jb arrwal WQP&?Iq.'g

updat ed TI ME EARUTIEETNOWUQegrpeierdbanné'dME)EAPd.rﬂESTt menory. The
PRI ORI TY | NDEX val ue of Stﬁu@a Egeﬁu q‘uﬁEOEAhUEST djual 16 TIME waal ly

initialized to a fixed,CBR val u ed
FIG 9, nunmeral 900, Mher&: ﬂ@pf'ﬁpftarléegniameog g*t ﬁ of a

Schedul er uti$izing tbmrmgeupﬁatedsTIME EAREIESTHn a pef conne€libh connecti on.
Arrows (902, 904, 906 ﬂ&?(t denote cell arrival tinmes, where
ve Trg

time is assune to evo t. he first step(802)
of FIG 8, on first arriva yseﬁ'w%gésﬁéﬁe‘?a M'P&&umed to be

greater than a connection context memory;
B) in step 620 (1304),
10 B1) where RESET FLAG is equal to TRUE,

B1a) setting RESET FLAG to FALSE

B1b) and setting THRESHOLD equal to TIME
EARLIEST plus {a predetermined constant times a
reciprocal of a predetermined sustainable cell rate} in

15 the per connection context memory;

Bic) and where a theoretical transmission
time TTT is less than TIME NOW, setting TTT= TIME NOW;
and where RESET FLAG is equal to FALSE,
setting THRESHOLD equal to THRESHOLD plus a reciprocal

20 of the predetermined sustainable cell rate (SCR);
B2) updating TIME EARLIEST to TIME NOW plus cell
period, where cell period is a reciprocal of a
predetermined peak cell rate (PCR) and storing updated
TIME EARLIEST in the per connection context memory; and
25 B3) where notified in step 618 that a per
connection cell queue was unempty,

B3a) updating a theoretical transmission
time (TTT) to a value of TTT plus the reciprocal of the
sustainable cell rate (SCR) and storing the updated TTT

30 in the per connection context memory;

B3b) and one of B3b1-B3b2:

B3bt1) TIME NOW is greater than
THRESHOLD, setting the PRIORITY INDEX equal to a value
indicating a high priority VBR task queue;



previously conmputed or initialized TI ME EARLI EST, TIME EARLI EST (912)

"is set to the value of TIME NOWwhen the cell (910) arrived. The cell
which arrived at tinme zero (902) is 1 5 shown as being transnmtted at an
actual time (920). Note that the transm ssion tinme (920) is shown to
be slightly %vter t he scheduled tine (912). This would occur due to
possi bl e LHXMtion in priority queues (210) in the scRe¥YFEM392200).
However, for the CBR traffic class vvhlchztb gpically has highest 20 priority
in the priority decoder (212), the delay between the schedul ed tine
(912) and actual transm ssion tinme (920) may be engi neered to be
small. At the actual transm ssion tine “Fe when the cell is
transmitted, TIME EARLIEST is aishaB3p2) Wheﬁ@r'" NQWoisdlessdapionr| . 8

(804) to tinme Tl ME EEGUAIRSTHRESHRRD,t he reci procal of the PCR Thus, the

cal cul ated TI ME EARLI EST for the Spapad) Ceiy g(t?‘%bﬁ'@ﬁﬁgg!"ﬁ%eue is

period of 1/PCR (914). Thi s process, con I'nue
enpty. In the i |1 ust9qualote value indicating 2 roredl Brierity MBRo the
queue, and 5§ five conmtaskdquéld; EARLI EST and five actual transm ssion 30

times are illustrated. The salient feat ﬁéﬁég*%g%?{%ﬁgs d pse

follow ng: 1) The schedul er snoot hes CB that the
cells are transnitted in gfeatanthan HIMENOW plysa predeterrgmd time
intervals (1/PCR) even wuohstént timds aaretiprovalt bf a predéﬂimdﬁédm e cell

N ke L
PCT/ US97/ 03dd2 equal to TIME OW plus a predetermined constant
times a reciprocal of a predetermined sustainable
cell rate (SCR),
B3b2c) where TIME EARLIEST is
less than TTT minus a predetermined maximum
15 burst size constant TMBS, setting TIME EARLIEST
equal to TTT minus a predetermined maximum burst
size constant TMBS,

FIG. 14, numeral 1400, is a fiow chart showing one

20 embodiment of steps for priority decoding in accordance with
the present invention. The steps include: A) utilizing (1402) a
set of priority task queues and a head of line priority
decoder/demultiplexer at the output of the task queues; B)
utilizing (1404) a set of priority task queues and a priority

25 decoder/demultiplexer arranged to provide a combination of
head of line priority and weighted round robin queting
disciplines.

The present invention may be embodied in other specific
30 forms without departing from its spirit or essential
characteristics. The described embodiments are to be
considered in all respects only as illustrative and not
restrictive. The scope of the invention is, therefore, indicated
by the appended claims rather than by the foregoing
35 description. All changes which come within the meaning and



illustrated-in FIG 9) and the Schedul er which paces cells out at the
“uniformy spaced schedul ed transm ssion tines (TIME EARLI EST). 2) The
conbi nati on of the per VC data queues i npl enented by the nmenory

controller and the scheduler also 5 isolates various traffic sources in a

data network, ywoern@ihdr anteeing that sources which obey their 2l
ﬁéﬁ?&%b§yfic

contract wi |1 not be affected by sources which violate t

contract. This may be observed from FIG 9,y noting what happens to
t he queue | ength when three closely spaced cells 1 0 (904, 906, and 908)
arrive. The queue length starts to increase. In the illustrated case

(FIG 9), the queue |ength does ot _continue,t row to | ar ge val ue
because the aver a§69€eP equnva??%gé %vtg'f" glg\ygpagrecécpf)bqqiq\:\éﬁmq%o%t es not
exceed the PCR their sgopeer, if a source continued to send at a rate
exceeding the 15 PCR for a sustained period of tine, the queue |ength

woul d conti nue tg ggom&since the Scheduler would limt the out going
rate to the negotiate 1 f the menory control sets the gueue
threshold value (510) to a snall value ( a fewcells for CBR service
category), then the nmenory controller will discard 20 cells from

non- conpl i ant sources. As shown in FIG 10, nuneral 1000, for
unspeci fied bit rate (UBR) packet traffic in a cell-based switch, the
foll ow ng steps are included: A) in step C, on first cell arrival,
where a 25 TIME NOWis greater than Tl ME EARLI EST, updating (1002)

TI ME EARLI EST equal to TIME NOWN where TIME NONis an out put of a real
time clock, and storing updated Tl ME EARLI EST in a per connection
context nenory and B) in step J, updating (1004) TIME EARLIEST to TIME
NOW pl us cell period, where cell 30 period is a reciprocal of a peak cel
rate and storing updated TI ME EARLI EST in the per connection context
menory. The PRI ORI TY | NDEX val ue of steps 606 and 620 of FIG 6 is

typically initialized to a fixed UBR-priority value and renai ns
unchanged. 35
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20 As shown in FIG 11, nuneral 1100, for available bit rate
(ABR) packet traffic in a cell-based switch, the follow ng steps are

I ncl uded: A) in step C (606) of FIG 6, on first cell arrival,
where a 5 TIME NOWVis greater than TI ME EARLI EST, .

Al) updati ng Y2YHH5TI ME EARLI EST-equal to TIME RENPSIHBEIZ 71 Ve
NOVis an output of a real time clock, 54 and storing updated TIME
EARLI EST in a per connection context nmenory and 10

A2) setting a RESET FLAG to TRUE in a per connecti on cont ext
menory; in step J (620 I ncl udi 11

B1) one of Bl a- Blb method Yot sched)uhng t’BI'sﬁ)ng;Erg"%QES@f BLAG i s equal
to T:?UtE %?I\/E jura L cRESEBanAGotthdiﬂg%!arfdr e icoimm uRtdafioinOL D

equal to const ant tinmes a
reci procal of %%W égd{énéfﬂ%p{ﬁéi%gég]& rate) in the per

connection context nihortilizing a packet huffer memeryphaying @ mMBRONELAG i s
equgl tto FALScSiE céftroller for Sﬁbﬂnggthmw of paickbts; TRRASHOLD pl us a
predeterm ned recip G

updating (1006) TI I\/EQEARL@@!{IOJ‘I'FH iy gefvité categoFr]Y SCheqlflereflraﬂd
where cel | peri8eheduling dransmisgiorpitimes for the plupality Eélﬂ’a‘?'%ﬁ"ﬁ and
storing updat edp3se dr\RPridrSaciual ttegnsmission times of previous packets.

10 2. The method of claim 1 comprising the steps of:

A) enqueuing, by a memory controller, the packets in a
plurality of per connection data queues in at least one packet
memory, wherein each queue has a queue ID;

B) notifying, by the memory controller, at ieast one

15 multiservice category scheduler, where a data gueue is empty
immediately prior to the memory controller enqueuing the
packets, that a first arrival has occurred;

C) calculating, by a calculation unit of the
multiservice category scheduler, using service category and

20 present state information associated with a connection stored
in a per connection context memory, an earliest transmission
time, TIME EARLIEST and an updated PRIORITY INDEX and
updating and storing present state information in a per
connection context memory,

25 D) generating , by the calculation unit, a “task”
wherein the task includes:

D1) the queue ID;
D2) the TIME EARLIEST,; and
D3) the PRIORITY INDEX;

30 E) inserting the task into one of at least a first
calendar queue;

F)  storing, by the calendar queue, at the calculated
TIME EARLIEST, the task in one of a plurality of priority task
queues;

KR VY AR O



25

"in step 1 (618) that a per
i ncluding (1106):

per connection context nenory;

and B3) where notified
connection cell queue was unenpty,
B3a) where TIME NOWis greater than

THRESHOLD, setting the PRIORITY INDEX to a value 30 i ndi cating a

hi gh priority A@s< dueue; B3b) wher MroabWV i s
| ess than or e‘ﬁﬁa to THRESHOLD, PCr B3bl )
setting the PRRORITY INDEX to a | ue indicating a nornal
priority ABR task queue; and WD 97/ 34395

PCT/ US97/ 03922 2 1

B3b2) where THRESHOLD s greater . . than Tl ME NOWpl us, {a

predet er ni ned const anﬁ&nul@"bq’w@ﬂv by a priority E@ﬁq%\dﬁéefjﬁ'f'oegla 3‘!"%

pr edet er mi ned ni eiquainte arl greater) than TIME EARLYESTI ingadedrE8hicR Dvitisjueal t o

TI ME NOW pl us {t %&%&%}n&fﬁut%e

predet er m

1200, il 1 ustrat e§eperating iafeadest

ned

RN
Cﬁ‘é threame%m@%ﬁo&ﬁ oljeria schedul er

i« Tl Blonty Wi G el Of e

G 12, nuneral

utilizing thesspecifi B)st egsqududihg.thelpacketf by the mBfharyncestroler. andR

traffic paranete
(specifying the

appl i cabl e
arriving
t he

10

15

20

25

30

Eﬁﬁ?}nﬁqﬁﬁ?%%‘%%&* ng the peak cell rate) and MCR

rat e guaranteed by the network) are

to ABR FIRetifying,| by sthesmamany sontiolles: whergemorece|

scheduler that the per connection queue is unempty;

J}  calculating, by the calculation unit, an updated
TIME EARLIEST and an updated PRIORITY INDEX based on service
category and present state information associated with the
connection , and updating and storing present state
information in the per connection context memory;

K) generating , where the per connection queue is
unempty, a new task using the updated TIME EARLIEST, by the
calculation unit, for the connection and returning to step E, and
otherwise, where the per connection gqueue is empty, waiting
for the notification by the memory controller and returning to
step C.

3. The method of claim 2 including, for constant bit rate,
CBR, packet traffic in a packet switch, in step J, updating TIME
EARLIEST using a predetermined function of the negotiated
traffic parameters for the connection, the present value of the
real time clock TIME NOW and state information associated
with the connection that is stored in the per connection
context memory.

4, The method of claim 2 wherein, for UBR packet traffic in
a packet switch, including the steps of:

A) in step G, on first packet arrival, where a TIME NOW
is greater than TIME EARLIEST, updating TIME EARLIEST equal
to TIME NOW, where TIME NOW is an output of a real time clock,

A

s

t 0 pabketsueemai foclbe dranismitted, nthe @llitiseNicd , categonf166.

In



15 first step of FIG 11 (1102), on first arrival C160, where TIME

NOWis assuned by be greater than a previously conputed or initialized
TI ME EARLI EST, TIME EARLIEST C170 is set to the val ue of TI ME NOW when
the cell C160 arrived. The first cell is actually transmtted at tine
C180. Again t‘%%’ ften later 20 than the scheduled tine C170 due to
contention in 45%?5100“ ty gqueues (210) between vari oud TN ons.
Especially for ABR connections, the jinme between the schedul ed

transm ssion times (C170, C171, ..., Cl76) and the actual transm ssion
times (C180, C181, ..., Cl185) nmay be considerable, and variable 25 (as

il lustrated) due to the fact the ABR s teéoi cally given . lower priority
in the priorityagdcetaspgundated TIME EARLIESHdn enper cospeetion coptexdt ual | y

transmtted Cl8therhby and reset flag is True (1104), resulting in the

Constant timee che rBY; priceB ok EReSnberiMe BAREST o MitiE AOWHIGES] [ G

of the Threshol Bagket peried; wherespagkes. petied dshadigciprocal of;aso cal cul at es

?hnevAvB;I lVE kl‘sAlF)%LbEﬁi'etsa:ﬁmedTBaakcﬂswkdterate and @tdriign N(t_)\é/\d}léit‘mﬁ] ori t%/ flor

e as y a e actua
transm ssion ti %@%ﬁ%a S ﬁybﬁ@#@ﬁggh&% é Ty

PCT/ US97/ 03922 22 with the just

conput ed val ue gf thehdHReHk RfvalaimbRewhélsin, for avdilable bihiragd)ol d val ue
's larger, thenAH?-’?, B%RH tearfie inch ﬁgcket switch, the following steps are
10 included:

A) in step J, updating TIME EARLIEST using a
predetermined function of the negotiated traffic parameters
for the connection, a present value of a real time clock TIME
NOW and associated predetermined state information that is

15 stored in the per connection context memory;

B) in step J, using a predetermined algorithm, such as a
leaky bucket algorithm, to determine if the actual
transmission packet rate at the output of the packet
multiplexer is falling below the negotiated minimum packet

20 rate, MCR, for the connection; and

C) in step J, setting the PRIORITY INDEX to one of at least
two different priority levels as a predetermined function of
the actual packet rate determined in step B.

6. The method of claim 2 wherein, for variable bit rate,
25 VBR, packet traffic in a packet switch, the following steps are
included:

A) in step J, using a predetermined algorithm to
determine whether the actual transmission packet rate at the
output of the packet multiplexer falls below a negotiated

30 sustainable packet rate, SCR, for the connection,

B) in step J, using a predetermined algorithm to
determine whether an actual transmission packet rate at an
output of the packet multiplexer is exceeding a burst limit,
MBS, for the connection;

A



Nor mal ABRPriority, otherwise, the priority is set to

""H _ABR priority". For the "first" cell illustrated in FIG 11, 5 the
priority is set to "Normal" since the THRESHOLD C190 is | ar ger than
TI ME NOW C180. FIG 12 illustrates the assuned tinme evolution
of the V@l ariables. Note that for the third and f : S,
that 10 thergbigg&g‘ arge tine del ay between the schedul ed PR3 _
transm ssion tines (Cl172 and C173) and thegact ual transm ssion tinmes
(C182 and C183). This nmay be caused by a hi gher priority traffic
source (such as a VBR source) starting to transmt a cell, or by

mul tiple other ABR s@urce tarting: ' t hrough the sane
port resulting in co%e'ﬁt%&ﬁ ‘ji’ ﬁdﬂ'ﬁ%}?ﬂ%ﬁlé G%%té"%ﬁ%é) Not e that at
actual transni sqredeterminednfunctizs) o hanegmxd htraffich parametessipiores t he
act ual Pr exRa conrgetiohfa Pfrédant Ralie BF & PBALEIR7 ERICKETME!ROW

threshol d C193, that, t e t e 20. THRESHOLD,
therefore the s&*ﬂgﬂ_e;}?ﬁg%%g 3&12% %%Qflé' Wgé epaYESEWEﬁﬁﬁé%@log'ar%fle of

thi s ABR confiectstate iinformationgfarethenconnectignathat: iscstaver irvrthehper
connection, as orpeidtion tbAteXti Aidnory; C150 for this ABR connection is

nonmentarily increaseqto Hi L Qkl i L1l increa t he
priority of this 25 (.b(,)o'ﬁnﬁtfpi.‘&r]éfﬁﬁgﬁ 8r€?§¢ﬁéﬁgdgﬁl’%fa)qn%ﬁféﬁﬁ?ﬂ
decrease the  twodslitfgreantt peeritys lorelguaat aspredrtostinadfunctionoaf t i mes
(Cl74 and GRdSactial trdrismissiorn packes rafe it e oulfit aNdh&lSadket
until the Sfbedul % et ects thgt‘ ihevﬁﬁogne t|0é1 S nmeeting or
exceedi ng i miy X&| ?eﬁegfn CLIMHPER T TR e scheduler 30 will
decrease the priority to Normal as illustrated. As shown in
FIG 13, nuneraly 130G hef pfethadi aPIckaifi 2 WHeRein priotiPiedtififigtinkhifds ¢ in a
cel |l -based sw t%r}fe Bpe foll ow ng steps are included:
A) utilizing a set of priority task queues and a head of
15 line priority decoder/demultiplexer at the output of the task
queues;
B) utilizing a set of priority task queues and a
priority decoder/demultiplexer arranged to provide a
combination of head of line priority and weighted round robin
20 queuing disciplines.

8. An event scheduler for scheduling transmission times for
a plurality of packets on an outgoing link for a communication
network, comprising:

25 A) at least a first packet buffer memory having a
memory controller, coupled to receive the plurality of packets,
for storing the packets in per connection queues, scheduling
first events, and re-scheduling events; and

B) at least a first multiple service category

30 scheduler, coupled to the at least first packet buffer memary,
for scheduling transmission times for the plurality of packets
based on prior actual transmission times of previous packets.

9. The event scheduier of claim 8 wherein the multiservice
35 category scheduler comprises:

A
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23 A) in step 606 (1302), on first cell arrival, where a
TIME NOWis greater than TI ME EARLI EST, Al') updating TIME
EARLI EST equal to TI ME NOW where TIME NOWis an output of a
real time clo 5 storing updated TIME EARLIEST_in a per
connecti on Vo sHAths cont ext nenory and A2) PEEWF?'BFQ’B
RESET FLAG to TRUE in a per coggecti on context menory;

B) in step 620 (1304), 10 Bl) where RESET FLAG is equal to
TRUE, Bl a) setting RESET FLAG to FALSE :

Blb) and setting THR%%HQgegg%ﬁyaﬁoq‘ 'UAYE_ f%%?%#‘é%‘mméi'}’éﬁl us {a

predet ermi ned constant’ tine ( et er mi ned
sust ai nabl e cel [trangraission fime of each rpRagket arsheWpPLBiNG @ntask; nenory;

Bl c) and where a the@)eti atlledgtaasfiist éléndar queue, cg:gﬁ ®T is less than
TI MVE NOW setti =1 N . re. T.FLAG i s equal
t o FALSE, %%I&ﬁ;gggt W&%ﬁm[}h@q&aﬁs@g %ﬁ " |t|6|1§e aqor eci procal
20 _ of 5t h@enesata ar tasre &t Shet desined dransmissiore tingzRnd placing _
\E:ﬁ) updalt: ng Tl Mge!iﬁBkl ﬁ?&’_é%e‘f'?ﬁp?@ﬂ@'tﬂékctﬁiéues; 4 e pelr(l Odil
ere cell periodis regi r erm ned . peak ce

rate (PCR) and stori upga&g‘gﬁ& d%o&er/MUPf,NEoi@\I@@l &%?natt .ﬂ%a‘eﬁer
connecti on cont &ist gar gugusp for, at a transmyjssipereppertunityd in step 618
that a per removirfg Htemos forke thski YFdin NS seh &fDbdority task queues

10 and outputting a request to the memory controller to service a

specific packet queue.

10. A computer memory encoded with executable
instructions representing a computer program for scheduling
15 transmission times for a plurality of packets on an outgoing
link for a communication network, wherein the executable
instructions comprise the steps of:
A) utilizing a packet buffer memory having a memory
controller for storing the plurality of packets; and
20 B) utilizing a multiple service category scheduler for
scheduling transmission times for the plurality of packets
based on prior actual transmission fimes of previous packets.

L




B3a) updating a theoretical transm ssion

+ TTT plus the reciprocal

storing the updated
B3b) and one of B3bl
greater than

TTT 30
- B3b2:

THRESHOLD,
.woplwﬁﬁ?%ati ng a high

of the

sust ai nabl e cel |

time (TTT) to a val ue of

rate (SCR) and

in the per connection context nenory;
83b1) TIME NOWis

setting the PRRORITY | NDEMWMQ

a
WO

val ue priority VBR task queue;
97/ 34395 PCT/ US97/ 03922
24 and B3b2) wheref /I8E NOWis |ess than or

equal to THRESHOLD, FIG 1 B3ppa) setting the
PRI ORI TY | NDEX *" equal ~to0 value indicating a normal priority
VBR 5 Task queue; B3h2b)
where THRESHOLD is —\Er/eat er thga TIME NOVplus a
pr edet er m ned constwnt tinmes A reciprocal FCI)l;SéaNENb
pr edet er m ned Shakfiab C CHEDULS t
THRESHOLD 1 0 C e LY!':\ t%%b predet er ifi ned const ant
times a reciprocal ¢f e]prec er mjned s cell rate
(SCR), re, Tl VE EST i}s
| ess than TTT m nusja et e n ' }"w st sijze
constant TMBS, settijng 5k '.:‘ LIEST equal to TTT mjnus a
pr edet er mi ned maxi mym EDULE
RE~SCHEDU
CELL MULTIPLEXER “EVENT
106~ [ 1 108
Y 7
] | EVENT SCHEDULER
EXECUTE TASK |{PCR, CDV, SCR BURST
(LE., AN EVENT)
114
|
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f
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I 208
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{220 206
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si ze constant TMBS. FIG 14, nuneral 1400, is a flow chart

* show ng one 20 enbodi nent of steps for priority decoding in accordance

W th the present invention. The steps include: A) utilizing (1402) a
set of priority task queues and a head of line priority

decoder/ denul tipbfeees at the output of the task queues; B) pepmdbhipdshZi NY
(1404) a set of priority task queues and a priority 25
decoder/denul ti pl exer arranged to provide a conbi nati on of head of
line priority and weighted round robin quedyi® di sci pl i nes.

The present invention may be enbodied in other specific 3 0 forns w thout
departing fromits spirit or essentlal racteristics. The descri bed
enbodi nents are to be consi dered | pects o py as illustrative
and not restrictive. The scope of the |nvent|on |s-—therefor&M

o [ R PR

25 range of equival ency of the clainsjére to be enbraced w t |

their scope. UTILIZING A MULTIPLE SERVICE CATEGORY SCHEDULER FOR SCHEDULING
TRANSMISSION TIMES FOR THE PLURALITY OF PACKETS BASED ON PRIOR ACTUAL
TRANSNISSION TIMES OF PREVIOUS PACKETS

42 PACKET TO
PACKET | PACKET BUFFER MEMORY J——— OUTGOING ATM

NEMORY CONTROLLER PORT
SCHEDULE FIRST EVENT] | RE-SCHEDULE EVENT } EXECUTE TASK
WLTIPLE_SERVICE CATEGORY SCHEDULER },p

FIG.4 w
500
DISCARD CELL mF IG.5
502 / 504 506
5 7 51
CELL
ARRIVAL |
SCHEDULER

! !

THRESHOLD THRESHOLD
CLP=0 CLP=t
510/ 5127
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| claim : WO 97/ 34395

© PCT/ US97/ 03922 26 1. A met hod
for scheduling transmission tines for a plurality of packets on an
outgoing link for a comrunication networ k, conprising the steps of:
A utilizingepPngst buffer nenory having a menory 5 contgeqldsdfndesy
storing the plurality of packets; and B) wutilizing a nultiple
service category schedul er for schedgi g transm ssion tines for the
plurality of packets p @. pri or e( al transmssmns 4 nes of

2

pr eV| ous packet S t hnrl n'F r;lg_LmJ connEl ol oo hre—St-eRS Of

A)  enqueui ng, by 4 ENGUEUING, 8% At NENORY GONTROLLER, pEHE IPAGKETS B A PLURALITY1 OF - PXR theedf

per connection datccwmm ' DATA QUEUISthN SEAST (0N IGEL MEMORY, WRERTIN\EACRWMRBEUR i each
queue has a queue D ndlAS AVAUHE, Dby t he nenory controlfl er,
at |east one 1 5 mMITTTService cal egory Schegul er, Where a Ha%a queve i S

enpty | mredi 4T STygTIPYNOTaY. T AEORY CONTRULLERC WY TEASTOONE g the
packets, that a T'r Wﬁbwﬁa Cmmg??uﬁzfuc IS EPTY ME%&EP foR' Bt i )804 by

a calculation unit RY CONTRODN! ﬂ(IV Lu3|
service category and prese & :

connection stored
transm ssi on

bl on assom a

CM.CULATING BY A CALCULATIONUNIT OF THE WULTISERVICE CATEGORY AND
PRESENT STATE INFORMATION ASSOCIATED WITH A CONNECTION STORED IN A 606
PER CONNECTION CONTEXT MEMORY, AN EARLIEST TRANSMISSION TIME, TIME }/

r =
| EARLIEST AND AN UPDATED PRIORITY INDEX AND UPDATING AND STORING
: PRESENT STATE INFORNATION IN A PER CONNECTION CONTEXT MENORY
! Y
i | GENERATING, BY THE CALCULATION UNIT, A “TASK" WHEREIN THE TASK
{ | INCLUDES:  A) THE QUEVE ID; 698
l B) THE TIME EARLIEST; AND
t C} THE PRIORITY INDEX
}
i y 610
—>|  INSERTING THE TASK INTO ONE OF AT LEAST A FIRST CALENDAR QUEVE P
i
STORING, BY THE CALENDAR QUEUE, AT THE CALCULATED TIME EARLIEST, THE | 6%
TASK IN ONE OF A PLURALITY OF PRIORITY TASK QUEVES
Y
REMOVING, BY A PRIORTTY TASK DECODER, AT A TIME EQUAL T0 OR GREATER
THAN TIME EARLIEST IN ACCORDANCE WITH A TIME OPPORTUNITY, THE TASK FRou} 6¥
THE PRIORITY TASK QUEUE AND GENERATING A REQUEST TO THE MEMORY
CONTROLLER
Y 616
DEQUEVEING THE PACKEF BY THE MEMORY CONTROLLER AND TRANSMITTING THE PACKET}
¥

NOTIFYING, BY THE WEMORY CONTROLLER, WHERE MORE PACKETS REWAIN 10 Bt | 518
TRANSUITTED, THE WLTISERVICE CATECORY SCHEDULER THAT THE PER CONNECTION]”
QUELE IS UNEWPTY
y
CALCULATING, BY THE CALCULATION UNIT, AN UPBATED TIME EARLIEST AND AN
UPDATED PRIORITY INDEX BASED O SERVICE CATEGORY AND PRESENT STATE | 620
INFORMATION ASSOCIATED WITH THE CONNECTION, AND UPDATING AND STORING
PRESENT STATE INFORMATION IN THE PER CONNECTION CONTEXT MEMORY

¥
CENERATING, WHERE THE PER CONNECTION QUEUE IS UNENPTY, A KEW TASK USING
THE UPDATED TIME EARLIEST, BY THE CALCULATION UNIT, FOR THE CONNECTION | 622
—>{ AND RETURNING TO STEP 610; OTHERWISE, WHERE THE PER CONNECTION IS EWPTY, 1/
WAITING FOR THE NOTIFICATION BYSHZ’&E gggURY CONTROLLER AND RETURNING T0

SUBSTITUTE SHEET (RULE 26)




updating and storing present state information in a per _ connection )
context nenory; 25 D) generating , by the calculation unit, a "task
wherein the task includes: D1) the queue |D;

D2) the TIME EARLI EST; and f I DB]Z ot hte PRI ORI TYI | NDEX; 30

E) inserting t into one of at least a firs ca . e;
Fg storing, gbya"?ﬁz cal endar queue, at the cal cul ated T?%%%ST,
the task in one of a plurality of priority task gueues; WO
97/ 34395 4/8 PCT/ US97/ 03922

27 G rempving, by a priority task decoder, atFIi .nz
equal to or greater than TIME EARLIEST in accordance with a o
opportunity, the task fromthe priority task queue and gen ting a

reques o the ne 0 P [ C Y1620
s SRR TN ST IR
ant et A s H

ey e e I S ATION, IN %%ﬁg JCONTERT JMeoRY, ..

connection gqueue
uni t, an updated TINVE EARIIEST and an updated PRICRITY | NDEX based on

Service FOR CONSTANT BIT RATE, CBR, PACKET TRAFFIC, UPDATING TIME EARLIEST USING _,7;02
~» A PREDETERMINED FUNCTION OF THE NEGOTIATED TRAFFIC PARAMETERS FOR THE
CONNECTION, THE PRESENT VALUE OF THE REAL TIME CLOCK TIME NOW AND STATE
INFORMATION ASSOCIATED WITH THE CONNECTION THAT IS STORED IN THE PER
CONNECTION CONTEXT MEMORY

FOR AVAILABLE BIT RATE, ABR, PACKET TRAFFIC IN A PACKET SWITCH, _594
AR UPDATING TIME EARLIEST USING A PREDETERMINED FUNCTION OF THE NEG-
OTIATED TRAFFIC PARAMETERS FOR THE CONNECTION, A PRESENT VALUE OF A REAL
TIME CLOCK TIME NOW AND ASSOCIATED PREDETERMINED STATE INFORMATION THAT
IS STORED IN THE PER CONNECTION CONTEXT MEMORY; B) USING A PREDETERMINED
—>1 ALGORITHM, SUCH AS A LEAKY BUCKET ALGORITHM, TO OETERMINE IF THE ACTUAL
TRANSMISSION PACKET RATE AT THE OUTPUT OF THE PACKET MULTIPLEXER IS
FALLING BELOW THE NEGOTIATED MINIMUM PACKET RATE, MCR, FOR THE CON-
NECTION; AND C) SETTING THE PRIORITY INDEX TO ONE OF AT LEAST WO OIf-
FERENT PRIORITY LEVELS AS A PREDETERMINED FUNCTION OF THE ACTUAL PACKET
RATE DETERMINED IN STEP B

FOR VARIABLE BIT RATE, VR, PACKET TRAFFIC IN A PACKET SWITCH, THE FOL- [ 706
LOWING STEPS ARE INCLUDED: A) USING A PREDETERMINED ALGORITHM T0 DET- |
ERMINE WHETHER THE ACTUAL TRANSMISSION PACKET RATE AT THE OUTPUT OF THE
PACKET MULTIPLEXER FALLS BELOW A NEGOTIATED SUSTAINABLE PACKET RATE, SCR
FOR THE CONNECTION, Bg USING A PREDETERMINED ALGORITHM TO DETERMINE
WHETHER AN ACTUAL TRANSMISSION PACKET RATE AT AN OUTPUT OF THE PACKET
MULTIPLEXER IS EXCEEDING A BURST LIMIT, MBS, FOR THE CONNECTION; C) UP-

> _ DATING TIME EARLIEST USING A PREDETERMINED FUNCTION OF NECOTIATED
TRAFFIC PARAMETERS FOR THE CONNECTION, A PRESENT VALUE OF A REAL TIME
CLOCK TIME NOW, OUTPUTS OF STEPS A AND B ABOVE, AND PREDETERMINED AS-
SOCIATED STATE INFORMATION FOR THE CONNECTION THAT IS STORED IN THE PER
CONNECTION CONTEXT MEMORY; D) SETTING THE PRIORITY INDEX TO ONE OF AT
LEAST TWO DIFFERENT PRIORITY LEVELS AS A PREDETERMINED FUNCTION OF THE
ACTUAL TRANSMISSION PACKET RATE AT THE OUTPUT OF THE PACKET MULTIPLEXER
DETERMINED IN STEPS A AND B

FOR UNSPECIFIED BIT RATE (UBR) PACKET TRAFFIC IN A CELL-BASED SWITCH, 508

| | THE FOLLOWING STEP IS INCLUDED: UPDATING TIME EARLIEST TO TIME NOW PLUS

CELL PERIOD, WHERE CELL PERIOD IS A RECIPROCAL OF A PEAK CELL RATE AND
STORING UPDATED TIME EARLIEST IN THE PER CONNECTION CONTEXT MEMORY

SUBSTITUTE SHEET (RULE 26)
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‘and storing updated TIME EARLIEST in a per connection context menory
"and B) in step J, updating TIME EARLIEST to TI ME NOW pl us
packet period, where packet period is a reciprocal of a 5 predeterm ned
peak packet rate and storing updated TI M EARLI EST in the per
connection co REETOrY. 5, The nethod of claim2 ﬁéﬁﬁ ' or
avai l abl e bitqﬁg?%, ABR, packet traffic in a packet switc ,ﬁﬁﬁ%ni
following steps are 1 0 included: A) in step J, updating TIM
EARLI EST using a predeterm ned functiog the negotiated traffic

par anet ers for the connection, a present value of a real tine clock

Tl VE NOW and associ ated predeterm ned state information that is 1 5
stored in the per connection context menory; B) in step J, using
a predetermned algorithm such as a | eaky bucket algorithm to
determne if the actual transm ssi on packet rate at the output of the
packet mul tiplexer is falling bel ow the negotiated m ni num packet 20
rate, MCR, for the connection; and C in step J, sdgffi ng the
PRIOCRITY INDEX to one of at |east two different priority fevels as a

predet erm ned f unctyogTEPiges, ON FIRSE UARRTVAE:C WHERE T2 TEMEC RO IS CRENTER"THANCP | B-
6.  The method bfipgl pAgIY T,‘“%FD'A?%%%EEPTEARH'ESP FALPYO TINE Row, ?@@%E MoK bt
traffic in a packes syWourpy of € RER! Wﬂ@cﬁtmﬁsmmc UPPATED' %L_%ST IN

A) in step 3, sl NG 2 ppy eORECTION TONTERT SEUOR" N 8 RESET PLAE TOMREST [he
actual transnissjon packet Tatepnal pgre o packet

mul ti pl exer fallg.helowa.negotlaied s o ale CR DI

t he connecti on, B) in step J, usiphg a predeternineqmglgorithn1to
determ ne whether an actual transm ssion pagket rate at an 7 out put of

the packet Ml tIPDYSXH 5. 5 WHERE RESe? AAG s EQUML 'ro TauE, sefmve ReSer'FlRe 1o
’ FALSE AND SETTING THRESHOLD EQUAL TO TIME EARLIEST PLUS JA PREDETERMINED
CONSTANT TIMES A RECIPROCAL OF A PREDETERMINED MINIMUM CELL RATE] IN THE
PER CONNECTION CONTEXT WEMORY AND WHERE RESET FLAG IS EQUAL TO FALSE,
SETTING THRESHOLD EQUAL TO THRESHOLD PLUS A RECIPROCAL OF A
PREOFTEADED WINIWA GELL RATE B) UPDATING TIE EARLIEST To TIUE Moy
PLUS CELL PERIOD, WHERE CELL PERTOD IS A RECIPROCAL OF A PEAK CELL
BATE MO STORING UPDATED TIME ERLIEST I THE PER COMECTION CONTEX

l 1106
7
IN STEP 620, AND WHERE NOTIFIED IN STEP 618 THAT A PER CONECTION PACKET
QUEUE WAS UNENPTY A) WHERE TINE NOW IS GREATER THAN THRESHOLD, SETTING
THE PRIORITY INDEX TO A VALUE INDICATING A HIGH PRIORITY ABR TASK QUEUE:
B) WHERE TIME NOW IS LESS THAN OR EQUAL TO THRESHOLD, BT) SETTING THE
PRIORITY INDEX T A VALUE INDICATING A NORMAL PRIORITY ABR TASK QUEUE:
B2) WHERE THRESHOLD IS GREATER THAN TIME NOW PLUS {A PERDETERMINED
CONSTANT MULTIPLIED BY A RECIPROCAL OF A PREDETERMINED MINIMUM CELL
RATE], SETVING THRESHOLD EQUAL TO TIME NOW PLUS JTHE CONSTANT MULTI-
PLIED BY THE RECIPROCAL OF THE PREDETERMINED MINIWUM CELL RATE]

24

FIG.11 o
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29 C) in step J, updating TIME EARLI EST using a
predeterm ned function of negotiated traffic paraneters for t he
connection, a present value of a real tinme clock TIME NOW out puts of
steps A and By sosaNd predeterm ned associated 5 state information for
the connection that I's stored in the per connecti on confEXPSHEa? v:
D) in step J, setting the PRIORITY INDEX to one of at |east t wo
different priority levels as a predeterni netl/fgunction of t he act ual
transm ssi on packet rate at the output of the packet 10 nulti pl exer
determ ned in steps A and B. 7. The nmethod of claim2 wherein
priority decoding includes one of: A) utilizing a set of
priority task queues and a head of 1 5 line priority decoder/demusti pl exer
at the output of the task gueues; B) utilizing &get of
priority task queues and a pri‘é)rit _decoder/demul tipl exer ari@mhged to
provi de a conbi ngti on of head I'ne prijgedty aW nd
robin 20 queui ng disdiplines. < 8. An et ul er % o [schedul i ng
transnission tines fo a pl ur g yety=st= on an og8doing link for
a communi cation nei wor k, conp& si ng: 25-—:§|$ A) atSlleast a first
packet buffer nmenory having a menory con —-Coupl ey_t3 F:Eecei ve
the plurality of kets, - -7 \3 S
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for stofing the packets in per connection queues, scheduling first

‘events, and re-scheduling events; and B) at least a first

mul tiple service category 30 scheduler, coupled to the at |east first

packet buffer nenory, for scheduling transm ssion tines for the
lurality of based on prior actual transm ssion _t]

Brew ousypacke?%%e’ 5 9 The event scheduler of claim$8 vl\#er@?%g%ﬁe
mul ti service 35 category schedul er conpri ses : WO 97/ 34395

PCT/ US97/ 03922

cal culation unit, for cal cuI ati ng a desi red transm 55| on ti ne o Iwch

Pacee, Sou e b Wﬂps m% i
tihrre tok 5 gene |-] % ﬁb
Ejegofjg?/ I\/IU;](t chu D é Hh&om Wso Qﬁﬁ eF M;o

transm ssi on oppDrtunltv QR%r om t he set of
priority task queues 1 0 and out putt| ng a refuest to the nenory contr%‘her
to service a specifi ¢ packet queue 10. A conputer nenmprv/”

encoded wi th eXG?‘IM?tP 620, A) WIYH! lif.‘ﬁlsf(ﬁofbS IHFFRESI?eﬂtAC.”%)aWMSW FINGO B arf
for scheduling | FuAL TO TRUE, Ate) SETTING RESET FLAG TO FALSE sz AND SETTING THRES-
HOLD EQUAL TO TIME EARLIEST PLUS {A PREDETERMINED CONSTANT TIMES A RE-
CIPROCAL OF A PREDETERMINED SUSTAINABLE CELL RATE} IN THE PER CONNECTION
CONTEXT MEMORY; Alc) AND WHERE A THEORETICAL TRANSMISSION TIME TTT IS
LESS THAN TIME NOW, SETTING T7T= TIME NOW: A2) WHERE RESET FLAG IS EQUAL
TO FALSE, SETTING THRESHOLD EQUAL TO THRESHOLD PLUS A RECIPROCAL OF THE
PREDETERMINED SUSTAINABLE CELL RATE (SCR); AND B) UPDATING THE TIME
EARLIEST TO TIME NOW PLUS CELL PERIOD, WHERE CELL PERIOD IS A RECIPROCAL
OF A PREDETERMINED PEAK CELL RATE (PCR) AND STORING UPDATED TIME
EARLIEST IN THE PER CONNECTION CONTEXT MEMORY; AND C) WHERE NOTIFIED IN
STEP 618 THAT A PER CONNECTION PACKET QUEUE WAS UNEMPTY, C1) UPDATING A
THEORETICAL TRANSMISSION TIME (TTT) TO A VALUE OF TTT PLUS THE RE-
CIPROCAL OF THE SUSTAINABLE CELL RATE (SCR) AND STORING THE UPDATED TTT
IN THE PER CONNECTION CONTEXT MEMORY; C2) WITH RESPECT TO TIME NOW AND
THRESHOLD, C2a) WHERE TIME NOW IS GREATER THAN THRESHOLD, SETTING THE
PRIORITY INDEX EQUAL TO A VALUE INDICATING A HICH PRORITY VBR TASK
QUEUE; C2b) WHERE TIME NOW IS LESS THAN OR EQUAL TO THRESHOLD, C2bf)
SETTING THE PRIORITY INDEX EQUAL TO VALUE INDICATING A NORMAL PRORITY
VBR TASK QUEUE; C2b2) WHERE THRESHOLD ID GREATER THAN TIME NOW PLUS A
PREDETERMINED CONSTANT TIMES A RECIPROCAL OF A PREDETERMINED SUSTAINABLE
CELL RATE (SCR), SETTING THRESHOLD EQUAL TO TIME NOW PLUS A PRE-
DETERMINED CONSTANT TIMES A RECIPROCAL OF A PREDETERMINED SUSTAINABLE
CELL RATE 'gscazl, AND C2b3) WHERE TIME EARLIEST IS LESS THE TIT MINUS A
PREDETERMINED MAXIMUM BURST SIZE CONSTANT TMBS, SETTING TIME EARLIEST
EQUAL TO TTT MINUS A PREDETERMINED MAXIMUM BURST SIZE CONSTANT TWBS

FIG.13 ww

1402

UTILIZING A SET OF PRIORITY TASK QUEUES AND A HEAD OF LINE
PRIORITY DECODER/DEMULTIPLEXER AT THE OUTPUT OF THE TASK QUEUES

v 1404

UTILIZING A SET OF PRIORITY TASK QUEUES AND A PRIORITY DECODER/MULTI-
PLEXER ARRANGED TO PROVIDE A COMBINATION OF HEAD OF LINE PRIORITY AND
WEIGHTED ROUND ROBIN QUEVEING DICIPLINES

FIG.14 1w
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A5 transni%sion tines for a plurality of packets on an outgoing %aquq

for

conprise the steps of: A)
havi ng a nenory

schedul i ng transmiglnn'?l ﬁe%&“qﬁ‘”mﬁﬁw

20

a communi cation network, wherein the executabl.e
utilizing a packet buffer

controller for storing the plurality of n,u';’:‘-‘x

i nstructi onges %

I ans
)'.IHJ

¥m§chedu|.
packet s
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(57) Abstract

The event scheduler (100; 200) end method
(300) of the present invention solve the problem of

D METHOD FOR SUPPORTING MULTIPLE SERVICE CATEGORIES IN A

mixing multiple sexvice categories on the same physi- f

eullinkormedmbyutillzingamlquuemsched
uling method (i.e., based on prior actual transmis-
sion times of previous packets). The event-driven cell
scheduler is, for example, used in an asynchronous
transfer mode ATM network and may, for example,
be embodied in software, hardware and firmware,
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