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BANDWIDTH MANAGEMENT AND ACCESS 
CONTROL FOR AN ATM NETWORK 

Government Riahta 

This invention was made with Government support linder Contract 

5 DABT63-93-C-0013 awarded by the Department of the Army. The Ciovemment 

has certain dghrs in the invention. 

·Field of the InvendoD 

This invention relates to the field of asynchronous data communication and 

more particularly to the field of managing the flow rate of data through an 

1 o asynchronous data communication network. 

Related Art 

The next generation public backbone network capable of supporting voice, 

video, image, data. and multi-media services is envisioned as a broadband 

Integrated Services Diaital Network (ISDN) usina ID asynchronous ttansfer mode 
15 (ATM) to transmit data. The pen:eived advant8ps of ATM teclmology include 

flexibility and simplicity of asynchronously multiplexing ttaffic sources with a very 

broad range of source parameters and service quality requirements .with infonnation . 

loss and. delay performance rangina from close to that of the synchronous uansfer 

mode to that of be$t-effon service in today's packet-switched ne~. Broadband 

2 o ISON is ~refore a promisma network technology to support emerging needs of 

high performance computing and communications. 
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The major tecbnic&l impediment to practical large scale deployment of 

. ATM-based broadband ISDN networks. however. is the lack of practical real-time 

bandwidth management that will guarantee predi~le end-to-end grades of Service 

over a multi-node. multi-carrier network to end applicatio~ platfonns, such as high 

s performance workstations and· supercomputers. 

In ATM~based broadband ISDN. information from the application layer is 

processed at the A TM Adaptation layer into fixed size A TM cells. which are in 

tum multiplexed/switched at the A TM layer, and transpOrred in payload envelopes 

at the physical layer. Performance degradation caused by congestion due to 

1 o insuf.ficient network· respurces at certain pans of the network leads to perceptible 

performance degradation to the end-users, unless robust bandwidth management 

policies are defmed and implemented. lbe overall objective of bandwidth 

management and traffic control or broadband ISDN is to provide consistent and 

piedic:table end-to-end performance., wbile at the same time opdmi:ring network 

15 resource utilization for end-users with a wide range of performance requirements 

and ttafflc flows, including some which are very bursty. 

The problem of bandwidth management and 1raffic control of broadband 

ISDN becomes complex due to factors such as the diversity of traffic flow 

characteristics (much of which is unknown even at the time of transmission). 

2 0 cqnnection perf onnance requirements, the impacts of end-to-end propagation delay 

and the processing delay at the network elements due to increased switching and 

transmission speeds. The very high speed of A TM networks. coupled with 
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propagation delay results in lirge numbers of.ATM cells in route, while the 

(relatively) large cell processing time at intermediate·noctes imposes severe 

limitations on intermediate· node protocol ·processing. These factors cause existing 

traffic conttol approaches (like the X.2S data communicalions flow control 

s designed for ttaditionally low-speed networks) to become ineffective. Hence new, 

robust (to cope with unknown and changing traffic characteristics), low-cost and 

scalable (to increasingly higher speeds) ttaffic control strategies are needed for 

Broadband ISDN. 

The real-time (lYIJically several milliseconds or less) traffic control 

1 o requirements of broadband ·1sDN is drastically different from lhose of existing 

networti due to the factors discussed above. Accordin& to functionality, the real­

time triffic: contrOl may consist of well~oordinated components such as access 

conttol,· now control, reactive congestion controL and error conttol. Access 

control. including connection admission control/bandwidth allocation, traffic 

15 shaping, and· bandwiddl enforcement. can achieve user objectives at die 
. 

user-network interface. Other controls (flow concroL reactive conaestion control, 

enor control) achieve desdnalion buffer protection, network inremal congestion 

handling, and illformalion · mtepity guarantee, respectively. 

The central goal of acC:ess control is to aehieve, at the user-network 

2 o interface, objectives such as prediCtable infonnation throughput. connection 

blocking probability, cell loss talio, and cell transfer delay/cell delay variation, 

amona olhers. In view of lineertain and changing traffic chuacteristicslparameters 
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and increased ttansmission/swilChing speeds in broadband ISON, the access control 

mechanism should be robust. fast. scalable (from ISS to 622 Mbps, or higher), and 

Jow-cost to implemenL 

There. are three related aspects of access control: connection admission 

s control, bandwidth shaping and pacin1. and bandwidth enforcement. Connection 

admission control decides connection acceptance, given traffic characteristics and 

perfonnance requirements (e.g. peak rate, cell loss rate), based on the current 

network state. Generally, a decision needs to be made and network resources 

allocated in no more than a few seconds. Some key issues include what traffic 

1 o descriptors should be used (i.e .• peak data rate, .average data rate, priority, burst 

length, etc), how to detennine effective bandwidth of a bursty connection, how to 

predict perfonnance (given underlyina traffic shaping/bandwidth enforcement 

mechanisms), what acceptance/rejection criteria to use, and how fast can algorithms 

be. executed. 

15 Currendy, different soludons for connection admission control exist, ranging 

from peak rate allocation (simple to implement, but bandwidth inefficient for 

variable bit-rate services) to more sophisticated algorithms which determine the 

"admissible acceptance re1ion" in an N-service space. Typically, the connection 

admission control will be implemented in software, which makes it possible to stan 

2 o with a simple and robust al1orithm during the early stages of broadband ISON and 

yet allows evolution towards more sophisticated (and effective) algorithms as they 

become available. 
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A dislinguisbing feature· of access control schemes is d1eir capability. to 

provide· statistical mwtiplexing for variable bit r8te services. A number of faciors 

significantly impact the stitistical multiplexing cfficienpy including. among others. 

variable bit-rate transmission peak rate (relative to the link capacity) and the burst 

s duration distribution. Studies have shown that pµre sWislical multiplexing of 

variable bit-rate connections may result in a low (e~g. 20-2S9i) network utilization. 

if no traffic shaping or resource allocation (such as the fast reservation protocol) 

techniques are used. By proper modification of the cell arrival process (i.e •• traffic: 

shaping), higher statistical multiplexing efficiency may be acbieved. Such 

lo modification techniques employed by the pacing· mechanism may include cell jitter 

smoothing, peak cell rare reduction, message burst length limiting. and service 

scheduling of variable bit rate virtual cin:Uit connec:lions (VC's), among others. 

Further, traffic shaping may possibly be used· in conjunction with a network 

. bandwidth enforcement mechanism by rescheduling a cell's service (in addition to 

15 cell discarding or tagging) when a non-compliant cell is observed. For non-~ay 

sensitive but Ion sensitive variable bit rare services, dlis option is appealing in 

ordei' to minimif.e tbe· cell IOss ratio. However. applicability of pacing techniques 

to cells wilh·sUingent delay requirement (such as interactive variable bit rate video) 

reqUires. further smdy. From a network operadon point of view• source 

2 o shaping/pacing is also desirable to prevent overwhelming lhe system with more 

data than the system can handle. 

The purpose of network bandwidth enforeement is to monitor a 

s 
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connection~s.bandwidtb usage for complian~, with appropriate bandwidth limits 

and to impose a policing action on observed violations of those limits. The 

enforcement control works on lhe time scale of~ cell emission time, (i.e., about 

2.7 µsec for lSS Mb/s service or about 0.7 µsec for 622 MB/s service). Key issues 

s of bandwidth enforcement include the design of the monitoring algorithm and 

10 

policing actions to be taken on non-compliant cells. Other issues include handling 

of traffic parameter value uncertainty, the effectiveness in tenns of the percentage 

of erroneous police actions upon compliant cells and the percentage of 

non-compliant cells undetected. and the detection time of a given violation. 

The bandwidth enforcement mechanism ope~tes upon network-measured · 

uaffic parameter values, which may include a connection's peat cell rate, its 

average cell rate, and its peak burst length. Currently, a few bandwidth 

enforcement algorithms have been proposed usina. for example. single or dual 

leiky buckets. jumping, or sliding windows. However, some studies have shown 

1 s that the leaky-bucket algorithms. using peak/average rates and average burst length, 
. 

may still not be robust enough for various variable bit rm traffic mixes. The 

studies also show that the leaky-bucket algorithms also tend to complicate 

performanee prediction at the connection admission control level. Furtbennore, 

accurate esdmalion of average cell rate and burst leqth by users may be very 

2 o difficult in practice. This suggests the need for the exploradon of alternative 

approaches to Ibis problem, in order to bring about an early deplo:fment of 

broadband ISDN. 
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A number of access control approaches·have·beeil proposed, but there is no 

standard consensui among the vendor and research communities. An •pproach has 

been proposed that accepis· connections based on band~dtb pools dedicated to 

sevenll uaffic claSses respectively and uses a 1eakY bucket type algorithm for 

s monitoring connection· bandwidth utilization witb immediate cell discarding of 

non-compliant cells. Another proposal also usel a leaky bucket type monitoring 

algorithm with tagging of non.;compliant cells for poisible iater cell discarding. 

Another proposed approach uses a rate-based dine Window approach. 

One sUidy has indicated that the leaky bucket algorithm ·is superior to ·the 

10 time-window based approaches under certain traffic p&irems studies. However, the 

same smdy also revealed difficuldy in its dimensioning (e.g., the counter limit). 

FUnher, the performance of the leak)' bucket algc)rithm is also found to be far 

below optimal, in terms of non-compliaJlt cell detection and false alarms (the long 

term probability of clecllring a bandwidth violationfor compliant cells). 

15 This seemi to indicare that enforcement and pacing near the average cell 

rate for variable bit·rate services Ire much mme complex than that has been 

generally recognized For eDm.ple, enforcement. of a variable bit·rate trafflC 

stream near the average rate· generally leads to· enormous buffer requilements 

(hence unacceptable response lime) in order to keep the false alarm rate to an 

2 o acceptable level (say 10"7
). 

More importantly, the effectiveness of a monitoring algorithm (such· as the 
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leaky bucketl·is Critically dependent on lhe s()urce model behavior which is 

unknown for many applications and is difficult to estimate accurately at the time 

·that the COMection is made. Other reservation b•d schemes are more suitable for 

data ttaffic, but their performance characteristics have not been fully evaluated. 

SUMMARY OF TIIE INVENTION 

According to the present invention, a bandwidth management system 

manages a plurality of vinual data connections within a communications network. 

The system includes an input for receiving data cells, wherein each cell is 

associated with a particular one of the virtual connections. The system also 

1 o includes a cell pool, coupled to the input, for storing the cells, a fll'St and second 

queue for ordering the virtual connections, and an output for transmitting cells 

from the cell pool. The relative posidon of a virtual connection in the first queue 

is determined by an eligibility variable that varies according tO an anticipated data 

rate associated with tbe particular Virtual connection and according to an amount of 

ls time that the particular virtual connection bas been in the first queue. The relative 

position of a virtual connection in the second queue varies according to a 

predetermined quality of service that is assigned to each of the virtual connections. 

The output transmits a cell from the cell pool corresponding to a virU18l connection 

at the front of the. second queue. 

20 Virtual connections having eligibility variables with equal values can be 

ordered in· the first queue according to the predetermined quality of service. The 
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system can·use four different values for.quality of service. Virtual connections 

having equal quality of service values can be ordered in the .second queue 

according to a priority computed for each of the Yirtu8' connections. Credit 

variables for each virtual connection can· indicate allocated ~ slots provided to 

5 each of the vinual connections. The priority can vary according to one or more of: 

one or more anticipated data rates of each of tl_1e vinual connections. the value of 

one or more of the credit variables. and the number of b~cldogged cells that are 

awaiting transmission. The data rates. credit variables. and baclclog values can be 

weighted prior to determining ·the priority. The.system can use a burst bit indicator 

1 O to detennine if virtual connections associated with cells received at the input should 

be placed immediately on the second queue~ 

The bindwidth manageinent syitem can ·be one of: a. pacing unit and an 

enforcement uniL A pacing unit receives cells from a dala source node and 

. provides cells to a communieation link. An enf~ent unit recei\tes data from a 

15 ·communication lint and provides data to a data sink node~ A virtual connection 

can be established by specifying initially agreed-upon. traffic parameters and 

dropping cells ibat are received 11 a rate lhat exceeds thal: specified by the initial 

traffic parameters. 
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··. · · BRIEF DESCRlfilON OF THE QRAWINGS 

The invention is better understoad by reading the following Detailed 
. . ! . 

Description of the Preferred Embodiments with reference to the accompanying 

drawing figures, in which like reference numerals refer to like elements throughout. 

s and in which: 

10 

FIG. 1 shows a data communications network having a plurality of 

physically interconnecred .nodes. 

FIG. 2 shows a plurality of communication nodes interconnected by a 

plurality of virtual connections. 

FIG. 3 is a data flow diagram showing different states of data within a 

bandwidth manqement unit according to the pmsent invention. 

FIG. 4 is a funcuonal block diagram of a bandwidth managemeni unit 

accorclina to the present invention. 

FIG. S is a stale diagram showing operation of a bandwidth management 

15 unit according· to the present invention. 

FIO. 6 is a stare diagram illusuating setting up a virtual connecEion. 
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FIG. 7 is a flow diagram illustrating cell admission for a virtual connection. 

FIG. 8 is a flow diagram illustrating inidalizing,tbe value of an eligibility 

timer for a virtual connection • 

. FIG. 9 is a flow diagi'am illustrating resetting the value or an eligibility 

s timer for a virtual connection. 

10 

FIG. 10 is a flow diagram illusttating updating credit variables of a virtUal 

connection. 

FIG. 11 is a flow diagram illusualing updaling an eligibility timer of a 

vinual connection. 

FIG.· 12 is a· flow diagram illusaradng compudng values for credit variables 

and a priority variable for a virtual connection. 

FIG. 13 is a now diagram iilusarating updating a priority variable for virtual 

cmmection. 

FIG. 14 is a schematic diagram illusuating hardware implementation of a 

15 bandwidth management unil 
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DEWi.En DESCRJPTIQN OF THE _fREfERRED EMBODIMENIS 

In describing preferred embodiments of the present invention illustrated in 

the mawings, specific terminology is employed for the sake of clarity. However, 

the invention is nOl intended to be limited to the specific tenninology so selected. 

5 and it is to be understood that each specific element includes all technical 

equivalents which operate in a similar manner to accomplish a similar purpose. 

Referring to FIG. 1, a communications network 30 comprises a plurality of 

communication nodes 32·50 that are physically interconnected. Each of the nodes 

32-SO represents conventional communications equipment for sending and receiving 

1 O communications dala. The lines drawn between the· nodes 32-SO represent physical 

communications links for transmitting data between the nodes 32-50. The 

communications links can be any one of a plurality of conventional mediums for 

communication data transmission including fiber optics. twisted pair. microwaves 

links, etc. . 

15 

20 

It is possible for two nodes to be directly connected_ to each other, which 

facilitates communication between the directly connected nodes. For example, the 

node 34 is shOwn in PIO. l as being directly connected to the node 3S. 

Accordinaly. communications between the node 34 and the node 35 is facilitated 

via the direct physical communication link. 

Often, it is desirable to communicate between two nodes which are not 

direcdy connected. via a single physical communication link. "For example. it may 
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be .desirable to send data from the node 34 to the node 49 of FIG. 1. In that case, 

communication is facilita_red by passmg mes5ages throilgh intermediate nodes 

. between the node· 34 and the node 49 •.. Data from the, node 34 to the node 49 can 

be sent by first transmitting the data from the node 34 to the node 35, then from 

~; the node 35 to the node 36, then from the node 36 to the node 45, and finally from 

the node 45 to the node 49. 

In the example above, a "virtual connection" between the node 34 and the 

node 49 is established to facilitate communication between the nodes 34. 49 and to 

establish desired quality of service for the communicalion. A vinual connection is 

l Cl · established between two nodes when one of the nodes bas data that is to be sent to 

anodler node. A virtual connection can be terminated after all of the data has ~n 

l i:· _, 

sent. For e~ample. if the node 34 represents a user computer terminal and the 

node 49 represents· a mainframe computer, lben a. virtual connection can be 

established between the node 34 (tenninal) and the node 49 (mainframe) whenever 

a user logs on to the computer system. The vinual connection could then be 
. 

tenDinated when the user logs off the syslmL 

Referring to FIG. 2, a schematic cliagranl. 60 shows a plurality of hosts 62· 

67, a pair of private ATM (asynchronous transfer mode) .mm/switches 71, 72, and 

a public ATM mux/switcb·74. Each of the h()Sts 62~7 represents one-of a 

2 Ct plurality of passible sources of data. such as a telephone. a fax machine, a 

computer terminal, a video teleconference tenninal, etc. The host 62 transmits 

data to the private A TM mux/switch 71 via a virtual connection set up between the 
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host 62 and the private ATM mux/switcb 71. The host 63 transmits data to the 

mux/switch 71 via a second vinual connection between the host 63 and the private 

A TM mux/switcb 71. A virtual connection can .span a single direct physical link 

or can span· a plurality of consecutive physical connections through intermediate · 

5 network nodes, not shown in FIG. 2. Similarly. the host 64, 6S are connected to 

the mux/switch 72 via separate virtual connections therebetween. The 

mux/switcbes 71, 72 and the hosts 66, 67 are connected to the public ATM 

mux/switch 74 via additional virtual connections. 1be public ATM mux/switch 74 

provides data to a trunk (not shown). 

10 The diagram 60 shows a general flow of data from the hosts 62-67 to the 

trunk via the intennecliate devices 71. 72, 74. The virtual connections shown in the 

diagram 60 ue set up at the time 1bat the hosts 62-67. begin transmitting data. For 

example, if the host 62 represents a telephone, dlen a vinual connection between 

the host 62 and the private ATM mux/switch 71 can be established by a connection 

15 admission procedure when the user picks up the handset of the telephone and 

begins dialin&. ne virtual ~onnection can be terminated when the user bangs up 

the _telephone. 

In order to avoid exceedin1 the data-handlin1 capacity of either the trunk. 

the switc_hes 71, 72. 74 or the links therebetweea. it is desirable to control the 

20 amount of data dW nows from the hosts 62-67 to the switches 71, 72, 74 and to 

control the amount of data that nows from the switches 71. 72. 74 to the trunk. 

Accordingly. each output pon of the hosts 62-67 is provided with one of a plurality 
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of pacing units 82a•87a. The pacing unit 82a is connected tO the outpUt pon of the 

host 62, the pacing unit 83a is connected to the outpUt port of the host 63. etc. 

The· pacing unUs · 82a·87a conuol the data transmitted from the hosts 62-67 

by limiting all data transmitted on the associated connection. For example. the 

pacing unit· 82a limits· data transmitted from the host 62 to the private A TM 

mox/switch ·71. Data is first passed from the host 62 to . the pacing unit 82a via the 

output pon of the host 62. ·The pacing unit 82a then provides the data to the 

communication link. 

lbe pacing unit 82a provides Che data on the communication link at an 

1 o agreed. upon rate, i.s described in· more detail hereinafter. Note that the switclies 

71. 72 also rransmit data via pacing units.9la, 92a··connected to the output pons 

thereof. 

Associated witll each of the pacinJ units 82a-87a, 9la. 92a are 

corresponding· enfon:ement units 82b-87b, 9 lb~ 92b. ne enforcement units 82b-

l 5 87b, 91b, 92b are at the receiving ends of the communication links to ensure that 

the agreed upon data rate of each of the cmmecrions is mainllined. The 

enforcement units 82b-87b, g I b, 92b are connected to input pons of corresponding 

devices so that, for example, the enforcement llilit 82b is connected to the input 

.port of the mu:x/switch 71 .. If a pacing unit provides data at greater than the agreed 

2 o upon data rate, the· corresponding enforcement unit discards· the excess daaa. 

Pacing units are provided at daaa source nodes while ~nforcement units are 
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provided at 'data Sink (i.e.. receiving) nodes. --

When a virtual .connection is established t?etween two nodes, the pacing unit 

. at the data source node and the enforcement unit at the data sink node initially 

agree upon a data rate and a quality of service. Quality of service relates to a 

s variety of characteristics. including the acceptable delay between generation and · 

reception of the data. as described in· more detail hereinafter. The requested dara 

rate and quality of service are functions of the type of data being sent For 

example. real time voice dala may require a different data rate than would real 

tilne video data, but both may require a relatively high quality of service. In 

lo conrrast. an E-Mail message would probably require a relatively low quality of 

service. 

During initialization of the vinual connection. a pacing unit requests an 

appropriate set of uatric parameters (such as data rate. buffer space, etc.) and 

requests the desired quality of service. The corresponding enforcement unit at the 

15 other end of the· virtual conneclion can accept or deny tbe request of the pacing 

unit A request is denied if the node to which the enforcement unit is attached is 

not capable of handlin1 tbe requested amount of data to meet the requested quality 

of service. Reasons for denyiq the request include insufficient capacity of the 

data ·sink node to handle the requested data rate and insufficient capacity of_the 

2 o communications link to handle the requested data rare. If the request is denied by 

the enforcement unit, then the vinual connection is ~ot established. Assuming 

however that the request is accepted. the virtual connection between the nodes is 
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established. Once established, the pacing unit operares so as to send data 

according to the initially agreed upon traffic parameters. 

Data is· communicated over the communications links via packers or tixed­

size ATM cells. Each· cell contains ·one or more. bytes of digital data along with 

s header infonllation identifying the vinual connection and other appropriate 

·information. discussed in detail hereinafter. Note that. f}r the·network shown in 

FIG. 2. data rate limiting· all of the connections between tile· nodes will, of 

necessity, limit the total amount or data that is provided to the trunk. Accordingly. 

the pacing units 82a-87a. 91a. 92a and enforcement units 82b-87b. 9lb. 92b can be 

lo used to prevent the trunk, and hence the network. from being overloaded with too 

much data. 

The pacing and enforcement units receive cells at their respective inputs and · 

transmit cells from their respective outputs. The operation of each is substantially 

identical. Accordingly; the detailed discussion which follows is equally applicable 

· 15 both types of units which ue referred to generically as bandwidth management 

units. 

Referring to FIG. 3, a data flow diagram 100 illusuar.es different states of a 

vinual connection handled by a·.bandwidth management unit. Note that a single 

bandwidth management unit can handle multiple virtual connections even ·though 

2 o the· bandwidth management unit· is physically connected to. only a single 

transmission link. The nOde to which the bandwidth management unit is connected 
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sends or receive& cells for the various connections and the bandwidth management 

unit outputs the cells in a particular order. 

Initially, a cell is provided to the bandwidth management unit from either 

the output pon of the associated data source node (for a pacing unit) or from the 

s communication link (for an enforcement unit). The auociared virtual connection 

(VC) begins in an unscheduled state 102. A cell corresponding to a VC in the 

unscheduled state 102 is deemed not to be ready to transmit by the bandwidth 

management uniL 

The VC transitions out of the unscheduled state 102 by becoming eligible 

1 o and having at least one data cell ready to transmiL Eligibility of a VC is 

conuolled externally by the dala node connected to the bandwidth management unit 

in a manner described in more detail hereinafter. A VC which is deemed 

immediately eliJible by the data node will transfer out of the unscheduled state 

102. 

15 The VC can transition from tbe unscheduled state 102 to an eligibility state 

104. 1be eligibility state 104 indicates that the cells associated with the VC are 

waiting to become eligible for outpUt. but the VC is waiting for particular 

conditions to be met, which are described in more.detail hereinafter. 

When the conditions are met, the VC can transition from the eligibility state 

2 o 104 to a depanure state 106. A VC in the depanure state 106 has at least one cell 
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associated lherewith which is ready to be output by the bandwidth management 

unit. The cells of the VC in the departure swe are transmitted by the bandwidth 

management unit in a specific order, as described in q:iore detail hereinafter. 

A VC which is in the eligibility state 104 or in the departure state 106 can 

be transitioned back to the unscheduled state 102 when the data node connected to 

the bandwidth management unit deems the VC to ·be ineligible or when other 

conditions. described in more detail hereinafter, are met. Furthennore, it is 

possible for a VC in the departure state 106 to be transitioned back to the 

eligibility swe 104 under certain conditions, also described in detail hereinafter. 

l c1 Under certain other conditions. a VC in the unscheduled state 102 can transition 

directly to the depanure state· 106 without going.through the· eligibility state 104. 

Transitions between various states and the conditions lherefor are described in 

more detail hereinafter. 

The ordering of the VC's in a queue associated with the depanure swe 106 

l 5 is a function of the Quality of Service (QOS) of the virtual connection. The QOS 

of a virtual connection is established when the Wtua1 connection is initiliu.ed by 

die data source node. The ~mce node for the data can request one of four 

possible values for the QOS: high level QOS, mid level QOS, low level QOS, and 

best effon QOS. High level QOS is for real time uaff'ic that requires bounded 

2 o delay and virtually no cell loss. Mid level QOS is for real time traffic that requires 

bounded delay and little cell loss. Low level ·QOS is for delay-tolerant d&ta traffic 

having conuollable cell loss. Best effort QOS is for data which can be ttanSmitted 
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at a very low; rate that can share available bandwidth not being used by the high 

level, mid leveL and low level QOS cells. lbe ordering of the cells in the queue 

is based on the QOS associated ·with the virtual .;eonnection and upon other 

·parameters which are discussed in detail hereinafter. Note that, although the 

s Invention is illustrated herein with four separate levels for me QOS, the invention 

can be practiced with a different number of levels. ne number of levels chosen 

for the implementation is a design choice based on a variety of functional factors 

known to one of ordinary skill in the art. 

10 Referring to FIG. 4, a schematic diagram 120. functionally illustrates 

operation of a bandwid1h management unit. An input 122 accepts cells from a data 

node (not shown) connected to the bandwidth management unit. The cells that are 

received are provided to a demultiplexer 124. 1be demultiplexer 124 separares the 

·input cells according to the VC associated therewith and places the cells· in one of 

15 a plurality of appropriate queues 126-128. so that. for example. cells associared 

with virtual connection VC. are placed in the queue 126, cells associated with 

virtual connection VCJ are placed in the queue 127 and cells associated th~ virtual 

connection vet are placed in the queue 128. A cell admission unit 130 controls 

placing the cells in the queues 126-128 in a manner described in more detail 

2 o hereinafter. 

Associated with each virtual connection, vc,, vc;. and vc,, is a set of 

variables 131-133 that controls when the cells for each of die vc·s will be 

transmitted out of die bandwidth management unit. AJso when a cell is input to 
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the bandwidth management unit. the cell admission unit 130 examines the variables 

131-133, to determine if the cell should be admitted. As shown in FIG. 4, the 

virtual connection VCi has the variable set 131 ass~ted therewith, the virtual 

connection VCJ bas Ille variable set 132 as&OCiated therewith. and Ille virtual 

connection VCt has the varilble set 133 assocWed therewith. The variable sets 

131-133 are described in more detail here and after. 

The variable sets 131-133 are provided as inputs to a mux control 135 

which conU'Dls which cell from the bead of one of the queues 126-128 is next to be 

transmitted out of Ille bandwidth management unit. A multiplexor 136 is 

1 o connected to each of the queues 126-128 and. in conjunction with the mux control 

135. provjdes a cell from one or the queues 126-128 to an oiltput 137 for 

. transmission out of the bandwidth management unit 
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10 

15 

20 

25 

The table below facilitates the discussion which follows by showing 

paramerers that are used for each vinual connection of the bandwidth management 

unit: 

VARIABLE. NAME I DESCRIPTION 
. SC~ . I State of VCi 

qos1 I quality of service for VC; 
e1 I indicates if transmission for VCi 

Si 
r11 
r;J. 
C11 
c;J. 
~ 
wll 
W12 
W13 
wi4 
W1S 
b. 

I 

P; 

I is enabled 
I eligibility timer for VCi . 
I first rate variable for VCi 
I second rate variable for VCl 
I first credit variable for VCl 
· I second credit variable for VC1 
I number of backloaged cells for vci 
I first weight variable for VC1 

I second weight variable for VC1 

I third weight variable for VC. 
I fourth weight variable for VC1 
t fifth weight variable for vci 
I burst bit indicator for V<=t 
I priority variable for VC. 

Referring to FIG. s. a state diagram 140 illustrates operation of a bandwidth 

management. unit. Although operalion is illustrated with regard to a single VC • 
. 

VC1, the operation of olher VC' s of the bandwidth management unit is identical. 

Circles on the diagram 140 show the three possible swes of VC1: the 

unscheduled state. the eligibility state. and the departure state. A VC is always in 

one of those three states, although for a bandwidth management unit servicing 

multiple VC's. the state of any one of the VC's is independent of the state of any 

30 of the other VC's. The state diagram 140 also shows rectangles having rounded 

comers which represent operations performed by the bandwidth management unit 
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with. respect to VC1• Diamonds on the diqram show decision branches where the 

flow is conditioned uP<>n a panicular variible or variables associated with v~ 

being in a panicular state or having a particular value ,or values. The arrows 

between the various circles, rounded rectangles, and diamonds illustrate the flow 

~; through the state diagram. For an arrow havin1 an annotation associated therewith, 

the annotation indicares the condition causing the transition from one portion of the 

state diagram 140 to another. Arrows having no annotation associated therewith 

represent an unconditional flow from one portion of the state diagram 140 to 

another. 

10 Flow begins at an initial step 142 where V~ is initialized. Inilialization of 

a VC includes. hiving a pacin• unit request a panicular set of traffic parameters 

and quality of service (QOS) fmin the associated enforcement unit (i.e •• the 

enforcement unit at lbe other end of the communication link). That is, V~ is 

initialized when the pacing· unit sends a command· 10· the associated enforcement 

15 unit requesting creation of VC1 ·and specifying the set of traffic parameters and 

QOS tot V~. As discussed above, the· enforcement· unit either accepts or rejects 

the request depending on the existing data loading on both .the ~unicalion link 

and the receiving node. The decision is based on the loading for the node attached 

to the enforcement unit. If the request from the pacing· unit· 10 the enforcement 

2 0 unit is denied. theJl vci is not initiali7.ed and no processing (i.e., no data 

transmission) occurs for vci. 

Assuming that the VC1 initialization request is approved by the enforcement 
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unit, then following the initialization step 142, VCi enters an unscheduled state 144. 

While VCt is in the unscheduled state 144, the variable scdt is set t0 1.e10. vci 

remains in the. unscheduled state 144 until the f!fSt cell of daia for VCi is received 

by the bandwiddl manqement unit. 

When a cell Wociated with VC, arrives, the· bandwidth management unit 

transitions from the unscheduled swe 144 to a cell admission step 146, where the 

cell is either accepted or rejected by the bandwidth management unit. The cell 

admission step 146 is described in more detail hereinafter. 

Following the cell· admission step 146 is a test step 148 which detennines 

10 whether the VCt ttansitions from the unscheduled state 144 to another state. At the 

test step .148, the variables ~ and.Ct are examined. The variable ~ represents the 

backlog, in number of cells, for VC.. That is, ~ equals the number of cells 

received by the bandwidth management unit for VC1 that have not been output by 

the bandwidth management unit. 1be variable e1 is. a variable indicating whether 

15 VC. has· been enabled by the data node that is bein1 serviced by the bandwidth 

manapment unit. That is, the data node that is connected to the bandwidth 

management unit can either enable or disable vet. For a virtual connections that is 

not enabled, the bandwidth management unit receives inputted cells but does not 

output the cells. 

20 At the test step 148, it iS detennined if the backlog of cells for VCi is at 

Ie:ast one (i.e., there is at least one cell associated with VCi stored in the bandwidth 
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management unit) and if VCi is enabled. If one or both of those conditions are not 

met, then VC1 rewms to the unscheduled state 144. 

Note also that while in the unscheduled state 144, it is possible for the· 

bandwidth management unit to receive a signal from the data source node 

s requesting that e1 be set. In that case. conttol transfers from the unscheduled state 

144 to a step 150 where~ is set. Following the step ISO is the test step 148, 

discussed above. Note, therefore, that it is possible for the bandwidth management 

unit to receive one or more cells for vci prior to vci being enabled and then for 

the bandwidth management unit to receive an enable signal from the data node so 

10 that vci transitions from the unscheduled state 144. 

While in the unscheduled state 144; it is possible· for the bandwidth 

management unit to receive a signal from.the daia node .. requesting termination of" 

VC1• Termirialion can occur for a variety of reasons. including there being no 

more dala to transmit over the vinual connection. In that cue. conttol ttansfers 

15 from the unscheduled state 144 to a step 152 where VC. is tenninated. Once vci 

has been terminated, the ·bandwidth management unit does no further processing for 

VC. and accepts no more cells for transmission via VC.. 

It is also possible that. while in the unscheduled state 144, the. bandwidth 

management unit receives a request from the data node to update parameters 

2 o associated with VC1• In that case, coitttol transfers from the step 144 to a step 1 S4 

where the parameters associated with VC. are modified. The parameters that can 
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be associate~ with VC1 are discussed elsew~ helein. Note, however, that one of 

the parametm that can be updated at the step 1S4 is the quality of service 

associated with the vci, qosi. That is, the data node can request that the quality of 

service associated with VCi be changed to a second value after the VC1 has been 

s initiali7.Cd with· a q~ having a first value. Following the update step 1S4, VC1 

returns to the unscheduled state 144. 

If at the test step 148 it is detennined that the backlog for the VC. is at 

least one (i.e.,~ is greater than or equal to one) and that VC1 is enabled (i.e., ei 

equals one), then control transfers from the step 148 to a step 156 where scdi is set 

1 o to one. The scdi variable associated with VC1 equals i.ero when the VC1 is in the 

unscheduled stare and equals one when VC. is in any of the other states. 

Following the step 156 is a step 158 where the credit variables assotjated 

with VC1, c11 and c;i., are updated. The credit variables, c11 and c12, represent the 

amount of rransmission channel bandwidth "credited" to VC1• The credit variables 

15 are described in more demll hereinafter. 

Following the step ISi is a step 160 where the value of s, is iJUtiali?Nf, 
. . 

The value of s1 represenred the amount of elapsed time dull VC1 is to spend in the 

eligibility queue before tra111iuonin1 to the departure queue. That is, after exiting 

from the unscheduled state, VC1 is placed in the eligibility queue until an amount 

2 o of time indicated by s1 has elapsed, after which VC1 is moved from the eligibility 

. queue to the depanure queue for output by the bandwidth management uniL The 
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initial value of St is determined by the associated data node and varies according to 

the initial traffic parameters specified when vci is initialized 

Following the step 160 is a step 162 where the estimated values of the 

credits, c1.1 and c12 and the estiinated value of the priority, Pt• associated with 

!j VC1 are computed. The priority. Pi• is used to order the v~·s in the departure 

queue. Computing the priority is described in more detail hereinafter. 

Following the step 162 is a test step 164 which detennines if s1 was set to 

zero at the step 16Q. As discussed above, a VC initializes si according to· values of 

. the inilial traffic p~eters and the credits. If St is set to 7.erO at the step 160. then 

10 VCi is placed immediately on the departure queue. Otbenvise, VCt is placed in the 

l e· .! 

eligibility queue for an amount of time represented by the initial setting of 51 

provided at the step 160. 

If at the test step 164 it is determined dw 5t does not equal 7.ero. then 

control passes· from the test step 164 to a step 166 where the value of 51 is 

incremented by s(t). The quantity s(t) varies according to elapsed system time and 

is updated every cycle that the bandwidth management unit software is executed. 

In other words. the quantity s(t) varies according to the value of a real time system 

clock. Since s1 is set ll lhe step 160 to represent the amount of time VCi remains 

on the eligibility queue, then adding the present value _of s(t) to s1 sets the value of 

2 o s1 to the value that s(t) will equal wh~n VC. is to be moved from the eligibility 

queue to the depanure queue. For example. assume that the bandwidth 
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managemeilt unit runs once every microseebnd and that s(t) is incremented once 

every cycle. Further assume that a cell corresponding to a particular VC has been 

admitted and that the VC is to be moved from ~ .eligibility queue to the departure 

queue in one hwldred microseconds. Accordingly, the value of si will be set to one 

5 hundred at the step 160. At the step 166, the present value of s(t) is added to one 

hundred in order to provide a value or Si that is tested against the real time cloclc 

so as to detennine when to move the VC from the eligibility queue to the depanure 

queue. 

Also at the step ·166, V~ is placed in the eligibWty queue. For pmposes of 

10 the state diagram 140, the eligibility queue is referred to as the "A" queue. The 

VC' s in die eligibility queue are sorted by the value of s for each of the VC' s and 

by the value of the quality of service for each of the VC's. In other words, the VC 

with the lowest value for s is at the head of the queue. the VC with the second 

lowest value for sis second in the queue, etc. For VC'i that have the same value 

is of s, the VC with the highest QOS i.s rust. the VC with the second highest QOS is. 

second. and so forth. If two or more VC's have an identical value for both s and 

QOS. then the VC's are sorted in the queue in a last in fU'Sl out order. The 

signif"IClllCe of the order in the cells in the eligibility queue is discussed in detail 

hereinafter. 

2 o Followins the step 166. vet enters the eligibility state at a step 168. Note 

that sect. is set to one at the step 168. 
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From the eligibility state 168, it is poSsible for VC1 to uansition to a step 

170. which sets e. to either one or :zero actording to an enable or disable command 

provided by the node attached to the bandwidth management ··unit. Note lhat after 

setting e, at the ~tep 170, VCi retlims to the eligibility state 168 without perfoiming 

5 any further tests on • value of e.. The value of ~ is tested at a later point in the 

processing (discussed below), at Which lime V~1 is returned to the unscheduled 

state if e, ·does not equal one. The bandwidth management unit can receive a 

request to update V~. in which case control tramfers from the eligibility state 168 

to a step 172 where the VC1 parameters are updated. Following the step 172, the 

11) bandwidlh management unit returns to the unscheduled state 168. 

l e· _, 

lt is also possible for the bandwiddl management unit to receive a 

command, while· in the eligibility state 168, to ·upute Si for VC1• When this 

occurs. VC1 tranSitions to a step 174 where· the vatae of Si is updated. Following 

the step 174 is a test step 176 which determines 1f the update of s. has been 

accepted. If not, then control puseS form the Step 176 back to the eligibility State 

168. Odlerwise. the system transitions from the step 176 to a step 180 where tbe 

priority variable, P., is updated. following:the step 180. VC1 returns to the 

eligibility state 168. 

Whenever VC1 is in the eligibility State. 168 and a new cell for VC1 arrives. 

2c1 control uansfers·to a step 181 where~ ·priority.for V~. P1, is updated._ 

Calculating and updating P, is described in more detail hereinafter. 
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Every cYcie that the bandwidth management unit runs, the first N VC's at 

·the head of the queue are rested to determine if s(t) 2: s1• N is a predetennined 

constant value, such as eight. When the value Qf s(t) is greater than or equal to the 

value of St· then tbe ~ystem transitions from the eligibility state 168 to a step 182 

5 where VCi is removed from die eliaibility queue (i.e., the "A" queue). Following 

the step 182 is a test step 184 which detenninc;s if the backlog for the VC, is at 

·least one (i.e., ~ 2: one) and if VC1 is enabled (i.e., e. = one). Note that it is 

possible for VCi to have become disabled while in the eligibility State 168 if the 

bandwidth management unit received a signal to set~ to zero at the step 170, 

1 o discussed above. 

If at the test step 184· it is determined that the blcklos does not contain at 

least one cell or that VCi is disabled, then control passes from the test step 184 to 

a step 186 where sect. is set to r.ero. Following the srep 186, VC1 rewms to the 

unscheduled swe 144, and waits for either a cell admission or a signal to set ei to 

15 one. as described above in connection widl the descriplion of the steps 146, 150. 

If at the step 184 it is determined lbat the backlo& of cells is at least one and that 

v~ is enabled, then control passes from the step 184 tO a step 190 where vci is 

placed in the depanure queue. designated as the "B" queue on the state diagram 

140. Note that the step 190 also follows the step 164, discussed above, when it is 

2 o detennin~d at the test step 164 that s1 equals zero. 

The VC' s in the departure queue are sorted primarily in order of the quality 

of service (QOS) for the vc·s. That is, vc·s wilh higher requested quality of 
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service are ahead of VC's with lower requested qualities of service. VC's in the 

queue having the same quality of service are sorted in order of priority, P. vc•s 

having both the same quality of service and the samer value for priority are sorted 

in a first in first out ba.siS. Following the step 190, vci enters a departure state 

5 192. 

While in the departure state 192, VC1 can receive signals to set e1 and 

update the parameters of VC,. Setting ei is perfonned at a step 194 and updating 

the parameters for vci is perfonned at a step 196. The steps 194, 196 are . 

analogous to the steps 170, 172 discussed above in connedion with the eligibility 

· 10 state 168. Note that following either the step 194 or the step_ 196, VC1 returns to 

the departure State 192. 

VC1 reaches the head of the depanure queue when VC1 has the highest QOS 

and highest priority of all of the vc•s in the departure queue. In that case, vci 

transitions from the depanure state 192 to a step 198 where VC. is removed from 
. 

the departure queue. Following dle step 198 is a step· 200 where the head of the 

line cell (i.e.. the oldest cell) corresponding to VC. is output by the bandwidth 

management system. Also at the step 200, the value of the backlog, ~. is 

decremented by one and the credit variables, c11 and c12, are also decremented. 

Following the step 200 is· a step 202 where the credit variables, cil and c12, are 

2 o updated. Updating the credit variables is discussed. in more detail hereinafter. 

Following the· step 202 is a step· 204 where the. value of St is reset. ResettiDg the 

value of s1 is discussed in more detail hereinafter. Following the step 204 is a step 
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206 where the viriables ~1·. ci2 and pi• are computed in a manner discussed in 

more detail hereinafter. 

Following the step 206 is a test step 208 where the value of s. is examined. 

If the value of s1 is not zero, then control ttansfers from the test step 208 to the 

5 Step 166, discussed above, where the value Of S(t) is added to Si and where VCi is 

added to the eligibility queue. 

If at the step 208 the value of s1 is determined to be 1.er0, then control 

passes from the step 208 to the test step 184, discusied above, where the backlog 

variable for VC1, ~. ·and the eligibility variable, !t· are examined. If the backlog of 

1 o VC. is at least one and if VC1 is eligible, then control passes from the step 184 to 

the step 190, discussed above. where VC1 is placed in the departure queue. 

Otherwise, if the backlo1 number of cells for vci is not at least one or if vci is 

not eligible, then control passes from the step 184 to the step 186. discussed above, 

where the value of scdt is set to ~ro. Following the step 186. vc, enters the 

15 unscheduled state 144 .. Note that.· prior to transitioning to the step 184, it is 

possible to first run the cell admission check to det.ennine if a cell bas arrived 

since the last lime the cell admission procedure hu been run. 

Referring to FIG. 6, a now dia1ram 220 illustrates in detail the step 142 of 

FIG. 5 for settin& up VC;. At a fll'St step 222, r1 and r2 are sel The variables r 1 

20 and ·r2 represent data transmission rates. The variables r1 can represent the average 

data transmission rare for the vh'tual data connection. The variables. r2 can 
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5 

represent the burst tiahsmisSion rate for the· data connection~ The burst 

transmission rate is the maximum bandwidth allowed for sending the data over the 

vinual connection, VC., by the requesting node. The( system uses both· the average 

rate and lhe burst rate m a manner desCribed in more detail hereinafter. 

Following the step 222 is a step 223 wbere·the weights. wil-wis are set 

The weighti are used in the calculation of the priority, Pt• in a manner which is 

described in more detail hereinafter. 

Following the step 223 is a step 224 where the quality of service, q05i, is 

set. 1be quality of service is provided by die sending nooe to the bandwidth 

1 o management unit and depends upon the nature of the data being ttansmitted on the 

virtual connections, vci. 1be different passible Values for q05t are discussed 

above. 

Following the ·step 224 is a step 225 where c11 and c.2 are set to zero and 
. 

Cuaa and ci..m2 are set. ne variables c11 and c.2 rCJ)resent bandwidth credits_ that are · 

allocated to VC1• The credit variable. c11 cone'sponds to the rate variable. ril and 

die credit variable c11 comsponds to the rate variable r.i. The variable cl.Jal is the 

maximum value 1hit the variable c, 1 is allowed to reach. The variable cLmZ is the 

maximum value that the·vlriable ci2 is allowed to reach.· 

. The credit variables represent the number of cell slots allocated to vci 

2 o during the operalion· of the bandwidth management unit.· The credit variables are 
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inaemented whenever an amount of time has. passed corresponding to lhe 

associated rate ·variable. For example, if r11 equals a rate corresponding to one 

bundled cells per second. than the credit variablce C; 1 would be incremented once 

every one hundredth of a second. The credit mechanism controls the amouni of 

s bandwidth used by each of lhe VC' s. Also. note that since ri 1 and ri2 can be 

different. then the credit variables c.l and Ct2 can be incremented at different rates. 

Updating the credit variables is described.in more detail hereinafter.· 

Following rhe step 225 is a step 226 where 5(.1 and sLm2 are set. 1be 

variables Suii and 5t.iiz represent the maximum value thal s. is allowed to reach. 

lo Following the step 226 is a step 227 where ~. the backlog of cells for VC1, is set to 

n:ro, and the variables Ii_., i__,, and i...i. which reu to ~ in a manner discussed 

in moie detail hereinafter. are all set to predetermined constant values that vary 

· according to the traff'ac parameters provided when V~ is initiali1.ed. Also at the 

step 227, the variables ~. a.. and Ila· which are discussed in more derail 

15 hereinafter, are also set. 

20 

Followial rile step 227 is a step 228 where die variable e., which 

de~ wbetber vc, is enabled. is set _to one, dlus enabling VC" at least 

initially. Followma the step 228 is a step 229 where lhe variable sc~ is set to 

n:ro. dlus indicating that VC, is initially in the unscheduled state. 

Followina the srep 229 is a step 230 where the variable ta is set to zero~ 

The variable i. indicates the value of lhe system time clock when the credit 
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variables, c11 and Ci2, were most recently updated. 

Following the step 230 is a step 231 where the priority valuable, Pi• is set to 

zero. Follow~ the step·231 is a step 232 where the burst bit indicator, b. is 

initially set to 7.el'O~ 

5 Referring the FIG. 7. a diagram 240 illustrates in detail the cell admission 

step 146 of FIG. S. The cell admission procedure shown in the diagram 240 is 

deemed "block mode" admission. Block mode admission involves potentially 

dropping a block of contiguous·cens for·a single VC in order to concenuate cell 

loss in lhat VC. That is, whenever a cell arrives for a VC having a full queue, the 

.lo block mode admission algorithm drops that cell and may also drop a predetennined 

number of cells that follow the first dropped cell. The number of dropped cells is 

one of the inidal traffic parameters provided when the VC is first established. 

· Processing for acceptance of cells· begins· at a cunent state 241 and 

transmission to a test step 242 when a new cell for VC1 is provided to the 

15 bandwidth management unit by the data node. If llj equals zero at the test step 

242, conuoi uansfers ·to another test step 243. If it ii determined at the test step 

243 mitt the number of backlog cells ror VCt, ~. is not lesS than the maximum 

allowable backlog of cells, lu.· then control transfers from the step 243 to a step 

244 to determine if CLP equals zero. CLP is a variable indicating the cell loss 

2 o priority of a cell. If a cell haS a CLP of zero, that indicates that the cell is 

relatively less loss tolerant (i.e., the cell shoUld not be discarded if possible). A 

3S 



W0"'24212 PCl'/IJSH/01208 

cell having a CLP of other than 7.ero is relatively more loss tolerant (i.e .• could. be 

discarded if necessary). 

If CLP is not mo at the saep 244. then control transfers to a step 24S 

where the newly arrived cell is discarded. Following the step 245, control transfer 

s back to the current state 241. If it is determined at the test step 243 that the 

number of backlogged cells. 11• is less than the maximum allowable number of 

backlogged cell !;_., then control transfers from the step 243 to a step 246 to test if 

the value of CLP is 7.ero. 

If CLP equals i.ero at the step 246, then cc>ntrol transfers from the step 246 

1 o to a step 247 where 1he new· cell is added lO the cell buffer at the end of a queue 

· of cells for VC1• Following the step 247 is a step 248 where the variable 

representing the backlog cells for VC1, 11• is incremented. Following the step 248. 

control uansfers back to the current state 241 of VC.. 

If at die step 246 it is determined that CLP for the cell does not equal 7.ero, 

1 s then control tranSfers from the step 246 to a step 250 where ad1nt is tested. The 

variable &dm1 is used to indica&e which 1- variable, 1-_1 or lt.u· will be used. If at 

the test step 250 it is determined that admt equals one, then conttol uansfers from 

the step 250 to a test step 251 to determine if the number of backlog cells for VC1, 

I.. is less than the first backlog cell limit for VCt• i,._., If SO, then control transfers 

2 o from the step 25 l to a step 252 where the new cell is added to the queue for vci. 

Following the step 252 is a step 253 where the variable indicating the number of 
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backlogsed cells. ~ is incremented. FoJlowina the step 253. control transfers back 

to the current state 241. 

If it is detennined at the step 2SO that adni. does not equal one. then control 

transfers from the step 250 to a step 255 where the number of backlogged cells for 

·s vc. is compared with the second limit for die number of bactiog cells for VC,. 

i.._.. If It· the test step 2SS it is detennined · tbaf 11 is not less than t._1, then control 

transfers from the step 2SS to a step 256 where the newly· urived cell is discarded. 

Following the step 2.S6, control transfers back to the current state 241. 

If·at the test step 2SS it is deteniUDecl that the number of bactlog cells for 

l ll vci• ~. is less than the limit variable l.._.. then control U'insfers from the step 2.SS 

11" .) 

· to a step 2.SS where admt is set to one. Following the step 258 is the step 252 

where the new cell is added to the queue of cells for VC1• Following the step 252. 

the Variable representing the number of backlogged cells for VC,. ~. is incremented 

at the step 253. Following tbe step 253, conuol ll'lllSfers back tO current state 241. 

u·at the. test step 251 it is determined that.the number of backlog cells for 

vci is not less than the limit variable i._.. •. then conttol transfers from me step 251 

to a step 260 where adm1 is set to 7.ero. Following the step 260 is the step 24.S 

where the newly arrived cell· is discarded. Following the step 24S. control transfers 

back to the current state 241. 
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If at the. rest step 242 it is determined that Iii does not equal zero, or if CLP 

does equal zero at the step 244, then control transfers to a step 262, where the 

newly arrived cell is discarded. Following the atep 262 is a step 263 where Di is 

incremented. Following the step 263 is a test step 264, where Iii is compared to 

5 the limit for ftt, Ila· If at the step 264 Rt is less lhan or equal to n... control 

transfers from the step 264 back to the current scare 241. Otherwise, control 

iransfers to step 265, where ni is set to zero. Following the step 26S, control transfers 

back to the current state 241. 

Referrina to FIG. 8, a flow diagram 280 illusttates the step 160 of FIG. S 

1 o where the value of s. ii initialized. Flow begins when VCi is in die unscheduled 

swe· 282. At a fust test step 284. the values of ell and c-2 are examined. The 

variable c11 and c.2 represent the credirs for VC.. If the values of both of the credit 

variables, c11 and c12, are greater lhan or equal to one, then control passes from the 

test Step 284 to a step 286 wbere the value of St is set to 7.ero. Following the Step 

15 286, VC. enters a next state 288. Note that. if sl is set to 2ro at the step 286. then 

the next state 288 is du: departure state 192. u shown on FIG.· S. This occurs 

because at the test step 164 of FIG. s. the value of s. is checked to see if s1 equals 

zero. If so. then vci 1oes from the unscheduled state 144 directly to the depanure 

state 192, u shown in FIO. S and as deicribed above. 

20 

If at the 1es1 Step 284 it is determined that either c11 or c12 is less than one, 

men control transfers from the step 284 t~ a s1ep 290 where s. is set to Semi· The 

variable s1_1a1 is a variable tbat represents the amo.unt of time· between cell 
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transmissions for cells transmitted at a rate rtl. 

Following the step 290 is a step 292 where 4C iS computed. The variable 

J.C represents the amount of additional credit that wilt· be added to c12 after an 

5 amount of time corre5ponding to s1 has passed. The value of M; is computed by 

multiplying ~.by r12. 

Following the s~ 292 is a test step 294 which determines if the existing 

value of the credit variable. c12. plus the value of M;. is less than one. Note that 

lo the variable c.2 is· 1101 updated at this step; If the sum of Ct2 and 1i1: is not less_ than 

one, then control transfers from the step 294 to the next state 288. Note that, in 

this case. the· next swe·will be the· eligibility state 168 shown in FIG. S because s. 

will not equal mo at the step 164 of FIG. S. 

If the sum· of cil and 1i1: is less ·than one at the. step 294, then control 

:LS ~ers from this step 294 to a step 296 where· the value of s1 is set to sLm2. The 

variable sLm2 represents the amount or time between cell transmissions fot cells 

transmitted at a rate r12. Following the step 296, control transfers to the next state 

288, discussed above. 

Referring to FIG. 9, a flow diagram 300 illustrates the reset St value step 

2 0 204 shown in FIG. s. At a first test Step 302, the burst bit variable for vci. b •• is 

tested. The burst bit variable. b.. indicates that VCt should ttansmit in burst mode. 

Burst mode is used for a vinual connection where the cells of a vinual connection 
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sho_uld be transmitted as close togedler as possible. That is, the data node sets the 

virtual connection for burst mode for data traffic that should be transmitted as close 

together as possible. For example, although an e-mail. message may have a low . 
! 

priority, it may be advantageous to transmit the entire e-mail message once the first 

5 cell of the e-mail message has been senL 

If the burst bit for VC.. bi• is determined to be set at the step 302, control' 

passes from the test step 302 to a 1es1 step 304 where the credit variables. ci l and 

ci2• and the backlog variable. ~. for VCi are tested. If the credit variables and the 

backlog are all greater than or equal to one at the step 304, then control passes 

1 o from the step 304 to a step 306 where s. is set to i.ero. Following step 306, VC1 

enters the next stale 308. Note that, since s1 is set to zero at the step 306. the next 

stare for vc, will be the depanure state 192 shown in FIG. S. 

If the burst bit indicator, bp is set at the step 302 but VC, does not have 

enough bandwidth credits or the backlog ~·is zero at the step 304, then control 

15 passes from the step 304 to a step 31 O where St is set equal to sLm1• Note that the 

step 310 is also reached if it is determined at the test step 302 that the burst bit 

indicator, bi does not equal one (i.e., VCi is not transmitling in burst mode). 

Following the step 310 is a step 312 where At; is computed in a manner 

similar to that illustrated in connection with the step 292 of FIG. 8. Following the 

20 step 312 is a step 314 where it is determined if sum of the credit variable ci2 and 

AC is less than one. If not. then control passes from the step 314 to the next s~te 
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·308. The test step 314 determines if the credit variable ci2· will be greater than one 

after an amount of time corresponding to St has passed (i.e •• after the si counter has 

timed out). H not, then c12· plus ~ will be less than ·one when Sa times out and 

control transfers from the step 314 to a step 316 where St is set equal to si..m2. 

s Following the step 316. VC1 enters the next state 308. · 

Referring to FIO. 10, a flow diagram 320 illustrates the sreps for updating 

cil and ci2, the credit variables for VCi. Updating c11 and c;2 occurs at the step 

158 and the step 202 shown in FIG. S. discussed above. Note that the credit 

variables are set according to current system time but that. for the step 202 of FIG. 

· 1 o S, tlJ,e time used is the beginning of the next cell time slot in order to account for 

the amount of time it takes to transmit a cell at the steps preceding the step 202. 

Processing begins at a current state 322 which is followed by a step 324 

where a value for c11 is computed. At the step 324, Ctl is increased by an amount 

equal to the product of ril (one of the rate variables for VCJ and the differences 
.. 

is between lhe current system time, t, and lhe lime at which the credit variables. c1 I 

and c.i, were last updated. a._.. Following the step 324 is a test step 326 to 

determine if C11 is greater than Ctim· The Variable C1a. is me maximum value that 

the credit variable c11 is allowed to equal and is set up at the time VC1 is 

initialized.· If at the test step 326 cil is greater tbail Cum• then con~ol transfers 

2 ·:> from the step 326 to a step 328 where cil is set equal to c0 •• The steps 326, 328 

effectively set cii to the maximum or either c.1 or c11 •• 
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Following the step 328 or the step 326 if c, 1 is nol greater than c11• is a 

step 330 where a value for c,2 is computed in a manner similar lO the computation 

of c11 at the ·step 324. Following the step 330 lfe sreps 332. 334 which set c
1
2 to 

the maximum of either c,2 or ci2m in a manner similar to the steps 326. 328 where 

5 cil is set equal to the maximum of c;l and Cua· 

Following lhe step 334, or lhe step 332 if c). is not grearer than ci2m• is a 

step 336 where r. is set equal 10 t. the current sysrem lime. The variable. ta 

re~nts the value of the system time, t, when the credit variables, c1 l and ci2, 

were last updated. Following the steps 336 is a step 338 where the VC; enters the 

1 o · next appropriate stare. 

15 

Referring to FIG. 11, a now diagram 340 illustrates the step 174 of FIG. s 

where St is updated by .a. ne step 174 of FIG. S is executed whenever the data 

node associated witb .tbe bandwidth management unit requests changing lhe delay 

of sending data via V<=t by changing the value of Sa for V~. 

Processing begins wilh V~ in an eligibility state 342. When the data 

source node provides V<=t wilb a command to updale s1, co~l transfers from the 

srep 342 to a test step. 344 to derermine if the value of .t.S, provided by the 

associated data node, equals zero. If so, control transfers from the step 344 back to 

lhe eligibility state 342 and no processing occurs. Otherwise, if AS does not equal 

2 0 z:ero. then control transfers from the test Step 344 to a Step 346 where VCi is 

located in the eligibility queue. Note that. as shown in FIG. s. the step 174 where 
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Si is updated only OCCUfs when VCi is in the eligibility srare. 

Following the step 346 is a test step 348 whe~ it is· detennined if 4S is 

giearer than zero or less than zero. If 4S is greater than o. then control transfers 

from the step 348 to a step 350 ·where 4S is added to si. Following the step 3SO is 

s a step 3S2 where VC. is repositioned in the eligibility queue according to lhe new 

value or si. Note that. as discussed above in connection with FIG. s. the. position 

of vci in the· eligibility queue is a function of the· values· of s1 and qos1• 

If at the test step 348 it is determined that 4S ·is less than zero. then control 

transfers from the step 348 to a step 354 where the crectit variables. cil and ct2. are 

1 t) examined. If at the test step 354 it is determined that either c11 or ci2 is less than 

l i:· _, 

one. then control transfers from the step 354 baclc to the eliaibility state 342 and 

no update of ~ is performed. The steps 348. 354 inclieare that the vilue of Si is not 

decreased if either of the credit variables is Jess than one. 

If at the srep 354 it Is detennined that the credit variables. c,1 and tt2. are 

both greater than or equal to one. then control ttansfers from the step 3S4 to a step 

356 where the value of st is incremented by the amount AS. Note that. in order to 

reach the step 356. 4S must be less than zero so lhat at the step 3S6. the value of si 

is in fact decreased. 

Following the step 356 is a step 3S8 Where the value of st is compared to 

2 o s(t). If the· value of si has been decreased at the step 356 by .an amount that would 
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make s. les$ than s(t) then control transfers from the step 358 to· a step 360 where 

si is set equal to s(t). The sreps 358. 360 serve U> set the value of s1 to the greater 

of either St or s(t). 

Following the step 360 or following the step 358 if s1 is greater than or 

s equal to s(t), control transfers to a step 362 where VC, is repositioned in the 

eligibility queue. As discussed above, the position of VC1 in the eligibility queue 

is a function of the values of s1 and qos... Following the step 362, vc. returns to 

the eligibility stage 342. 

Referring to _FIG. 12, a flow diqram 370 illustrates the compute steps 162, 

10 206 of FIG. S where the values of c11, c~. and P1 are computed. Processing 

begins at a current state 372 which is followed by a step 3_74 where the value of 

c11 is computed. The value of ~l equals the value that the credit variables will 

have when s1 times ouL Tbat is. c11 equals the ruwre value of the credit variables 

c:il when VC1 is removed from the eligibility queue. S~ as discussed in more 

15 detail hereinafter. Pi is a function of the credit variables. c:11 and c:12. then 

20 

. ca]QJlating me fumie values of Ctl and c.2 is· useful for anlicipaling the value of P1 

when VC1 is iemoved from the eligibility queue and placed in the depanure queue. 

The value of the priority variable, Pi, is detennined using the following 

equalion: 
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P1 is a function of the credit variables,· the rate variables, and the number of 

cells backlogged in the queue. The node reqiiesting initiali1.1tion of VC, specifies 

the weights, wil-w.S. for the VC. Accordingly. it is( possible for the requesting 

node to weight the terms differently, depending upon the application. For example, 
. . 

s if the data is relatively bursty, then perhaps w~ and wA (the Weights for the terms 

corresponding to me burst data rate) are made larger than w1l and w13 (the weights 

for the tenns corresponding to the average data rate). Similarly. if it is. desirable to 

minimize the backlog for the data. then w~ (the weight corresponding to the 

number of backlogged cells) may be made relatively large. It may be desirable for 

l. o some applications to assign i.ero to some of the weighls. 

At the step 374. the value of c11 is calculated by adding the current value 

of the credit variables c1 I and· the product of ril and s.. Note that. if the credit 

variables were upctatect ·for each iteration while V~ wu in the eliaib~ty queue, 
. . . 

then c,1 would equal c,I whens, equalled i.ero. Note that c11 is not updated at die 

15 step 374. 

Following the step 374 is a tesi step 376 where C.1 is compared to cu_.. If 

G 1 is greater ·dlan cu_. (the ~imum value that c. I is allowed to take on) men 

· conuol uansfers from the test step 376 to a step 378 where the value ofc11 is set 

equal to the value of c .. _.. The steps 376, 378 serve to set the value of cil to the 

2 o maximum of c11 and Cu_.· Note that ror the steps 376. 378, c.l is not updated. 

Following lhe step 378 or foliowing the step 376 if cil is not pater than 
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Cu_. are steJ)S 380-382~ Which set the value bf ~2 in a manner Similar to setting the 

value of cil• described above. 

Following the step 382 or following the step 381 ifCt2 is not greater than 

c12_. is a step 384 where the weights w1l. wi2• wi3• w14, anci. wlS are fetched. As 

s discussed above. the weights are used to calculate the priority, P1• 

Following the step 384 is a step 386 where the priority for VC1, P1, is 

calculated in the manner shown on the tl9w diagram 370. Note that the weights 

are specified at the time that V~ is initiaIU.ed and that the importance of eilch of 

the tenns used in the calculations of Pi• can be emphasir.ed or deemphasized by 

1 o sening the value of the weights. The values of one or more of the weights can be 

set to 7.ero, thus causing a term not to be used in the calculation of the priority. 

Note that Pt is updated, P=P1+w1S. after each VC1 cell admission while · VC1 is in the 

eligibility state, as discussed above. This allows for a piecewise compuration of Pi 

that decreases the amount of computation required to compute all of the priorities 

15 for all of the VC's within one time slot when the VC's are transferred to the 

departure queue (the "B" queue). 

Refening to FIG. 13, a now diasram 390 illustrates in detail the step 180 of 

FIG. S where the priority variable, P1• is updated. Note that P1 is updated only in 

response to the value or s1 being updated at the step 174. Otherwise. the value of 

2 O P1 remains constant while VC1 is in lbe eligibility srate. That is, since P, is a 

function of cil• ct2. r,l, ri2 and~. and since c1l and ct2 are a function of s1, then P1 
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only changes when and if lj changes at the step 174 shown in FIG. s. 

Flow begins at a current state 392 which is followed by a step 394 where s, 

is accessed. Following me step 394 are steps 396-398 where c11 is computed in a 

manner similar to that illustrated in FIG. 12. Note, ·however, that at the step 396. 

!i ta is subtracted from St since, at this stage of the processing; s(t) has already been 

added to Si at the step 166 shown in FIG. S, and since ~1 is being predicted when 

Following the step 398 ·are steps 40().402 whele ctl is computed in a 

manner similar to the computation of C.l. Following the step 402 or following the· 

10• step 401 if Ci2 is not greater than C12_. are the Stepa 404, 40~ where the weights are 

fetched and P1 is computed in a manner similar io that illustrated in connection 

with FIG. 12, described above. 

Refeniilg to FIG. 14, a schematic diagram 420 illustrates in detail one 

possible bardwam implementation for die bandwidth· management uniL An input 

15 422 connects the band~dth manapment unit 420 tO tbe somce of the data cells. 

Tbe input 422 is connected to a cell pool 424 wbich is implemented using niemory. 

The cell pool 424 stcns an··of the cells waiting for departure· from_ the bandwiddl 

management unit. In the embodiment illustrated herein. ibe sim of the cell pool 

424 equals the number of VC's that the system can accommodate multiplied by the 

2 o maximum allowable backlog per VC. For example. for a bandwidth management 

· unit designed t0 handle 4,096 VC' s with a maximum backlog length of 30 cells. 
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5 

the si7.e of die cell pool is 4096 x 30 cells. 

A eell pool manager 426 handles Ille ~.Jls within the bandwidth 

management unit 420 in a manner described above in connection with the st.ate 

diagrams of FIG's S-13. 

A parameter buffer 428 is used t0 handle all of rhe variables associated with 

each of the vc·s and is implemented using memory. The size of the parameter 

buffer 428 is the number of variables per VC multiplied. by the maximum number 

of vc·s handled by the bandwidth management unit 420. 

A parameter update unit 430 is connected to the parameter buffer 428 and 

1 0 updates the. variables for each of die vc· s in a manner described above in 

connection with the state diagrams of FIG.' s S-13. 

15 

A cell clock 432 computes lbe value of s(t) which. as described above. is 

used. for determining when a VC transitions from lhe eligibility queue to the 

departure queue. 1be cell cloclc 432 also provides the system time. t. 

An eliaibility queue 431 is implemented ming memory and stores die VC's 

that are in the eligibility state. As discussed above in connection with FIG:s S-13 • 

. vc·s in the eligibility queue are soned in order of the values of sand qos for each 

vc. 
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A comparator 434 compares the valiie of S(t) from the eligibility cell cloc:k 

432 with the value of ·s for each of the VC' s and detennines when a VC should 

transition from· the eligibility state to the departure state. Note that. as discussed 

above in connection with FIO.'s S-13. VC. transitionsfrom the eligibility state to 

5 the departure state when Sa ~ s(t}. 

A departure queue 436 .. is· implemented ·using memory and stores the VC's 

that are· awaiting departure from the bandwidth management· unit 420. As 

discussed above in connection with FIO.'s S-13. the departure queue 436 contains 

vc·s that are saned in order of quality of service (qos) for each VC and the · 

l. o priority that is computed for each VC. A select sequencer unit 433 selects, for 

each VC, which of the two queues 431, 436 to place each VC according to the 

algorithm described above and shown in. FIO.'s S-13. 

A priority computation unit 438 computes the priority for each of the VC' s 

during each· iteration;. Note dW. as discussed· abt>ve ·in connecdon with FIO. 's 

1.5 S-13, once a VC bu entered the eligibility queue, the priority can be updated by 

simply summing the vawe of the priority variable and the product of the Weight w, 

after each cell anival is admitted. 

The device 420 shown in FIG. 14 can be implemented in a straightforward 

manner using conventional· VLSI· architecture •. The cell pool 424, eligibility queue 

2 o 431, departure queue 436. and parameter buffer 428 can be implemented as 

memories. The cell pool manager 426, the parameter update- unit 430, the select 
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sequencer,'·4jj, the pnority compuWion unit,438 and the comparator 434 can be 

implemented usina VLSI logic to implement the functionality described above in 

connection with FIG. •s S-13. That is. one of ordinary skill in the an can 

implement the bandwidth management unit 420 by using the state diagrams ind 

s current custom VLSI design techniques. Note also that. based on the description 

contained herein. one of ordinary skill in the an could implement the bandwidth 

management unit 420 in a variety of other manners. including entirely as software 

on a very fast processor or as a conventional combination of hardware and 

software. 

1 o Although .the ·invention bas been shown and described with respect to 

exemplary embodiments thereof. it should be understood by those skilled in the an 

that various changes. omissions and additions may be made therein· and thereto. 

without departing from me spirit and the scope of the invention. 

so 
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1. A bandwidth mwgement system, for manapig a plurality of virtual data 

connections within a communications network. comprising: 

an input· for receiving data cells. wherein each cell is associated with a 

particular one. of the virtual conneetions; :, 

a cell pool, coupled to said input. for storing said· cells;· 

a ·first queue· containing particular ones of. the virtual connections, wherein a 

relative position of a vinual connection in said first queue is• determined by an 

eligibility value that varies according to an anticipated data rare associated with the 

particular virtual connection and according to an amount of time that the particular 

10 virtual connection has been in said first queue; 

IS 

a second queue, coupled to said first queue and containing particular other 

ones· of the virtual connections, wherein a relative posidon of a vinual connection 

in said second queue varies according 10 a predetermined quality of service that is 

.. assigned to ea<:b of tbe virtual connections;. and 

an output. coupled to said second queue and said cell pool. for transmiltina 

a cell from said cell pool com:sponding to a vinual connection at the front of said 

second queue. 
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· 2. A bandwidth management system, acc:ording to claim l, wherein vinual 

connections bavinJ equal eligibility values are ordered in said first queue according 

to said predetermined quality of service. 

3. A bandwidth management system, accordins ·to claim l, wherein vinual 

connections having equal quality of service values are ordered in said second queue 

according to a priority assigned to each of said virtual connections. 

4. A bandwidth management sysiem, according to claim 3, wherein said 

priority varies according to one or more anticipated data rates of each of the vinual 

connections. 

S. A bandwidth manqement system, according to claim 3, wherein said 

. priority varies according to one or more credit variables assigned to each of the 

virtual connections. said credit variables being indicative of allocated time slots 

provided to each of the vinuil connections. 

6. A bandwidth management system, according to claim 3, wherein said 

priority varies according to a bacldQa of cells for each virtual connection that are 

awaiting ttansmission. 
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7. A bandwidth management system, accordmg ·to claim 3, wherein said 

priority varies according to oile or more anticipated data rates of each of the vinual 

connections, one or. more credit variables aSsigned to each of the vinual 

connections, said credit variables being indicative of allocated time slots provided 

to each of tile virtUa1 connections, and to a backlog of cells for each virtual 

connection that are awaiting uansmission. 

8. A bandwidth management system, according to claim 7, wherein said data 

rates, said credit variables. and said backloa ·are weighted prior to determining said 

priority. 

. . 

9. A bandwidth management system, according to claim 1, wherein said 

system is one of: a pacing unit and an enforcement unit. wherein said pacing unit 

receives cells from a data source node and provides cells to a communication link. 
. . 

and wherein an enforcement unit_ receives data from a communication link and 

S provides dala to a daca siiik node. 

10. A bandwidth manigemelit system. according to Claim 1, funber comprising: 

means for establisbing a virtual conneC:tiC>n by specifying initial ttaffic 

parameters; and 

means for dropping cells that are received at a me that exceeds that 

S specified by said initial traffic parameters. 
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11. A bandwidth management system. accordina to claim 1. wherein said 

predetermined quality of service has four ~ossible values. 

12. A bandwidth manasement system, according to claim 11, wherein vinual 

connections having equal quality of service values are ordered in said second queue 

according to a priority assigned to each of said virtual connections. 

13. A bandwidth management system. according to claim 12, wherein said 

priorily varies according to one or more anticipared dara rares of each of the virtual 

connections, one or ~ore credit variables assigned to each of tbe virtual 

connections, said credit variables being indicative of allocated time slors provided 

5 to each of the virtual connections. and to a backlo& of cells for each virtual 

connection that. are awaidng transmission. 

14. A band~th management system, according to claim 13, wherein said data 

rates. said credit variables, and said backlog are weilhted prior to detennining said 

priority. 

15. A bandwidth manqement system, according to claim l, further comprising: 

a burst bit indicatOr for indicating whether a virtual connection associated 

with a cell that has been received by said input should be placed directly in said 

second queue. 
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16. A band\Vidth management system, aceording. to claim 15, wherein virtual 

connections having equal quality of service values are ordered in said second queue 

according to a priority assigned to each of said virtQI connections. 

17. A bandWidth management system,· according to claim· 16, wherein said 

priority varies according to one or more antieipated data rates or each of the vinual 

connections, one or more credit variables assigned to each· of the virtual 

connections, said credit variables being indicati~ · of allocated time slots provided 

s to each of the virtual connections, and to a bKlclog of cells for each virtual 

connection that are awaiting uansmission. 

18. A bandwidth management system, accmding to claim 17, wherein said data 

rates, said credit variables, and said backlog are weighted prior to detennining said 

priority. 
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19. A method of managing a plurality of vinual data connections within a 

communications network. comprising the steps of: 

receiving data cells, wherein each cell is .~iated with a particular one of 

the virtual connections; 

storina the received cells in a cell pool; 

providing a first queue containing particular ones of the virtual connections. 

wherein a relative position of a vinual connection in the first queue is determined 

by an eligibility value that varies according to an anticipated data rate associated 

. with the particular vinual connection and according to an amount of time that the 

10 particular virtual connection has . been in the first queue; 

IS 

providing a second queue. coupled to the· rmt queue and containing 

particular other ones of the virtual connections, wherein a relative position of a 

virtual connection in the second queue varies according to a predetennined quality 

of service that is _assigned to each of the virtual connections; and 

transmitting a cell from the cell pool corresponding to a virtual connection 

at the front of the second queue. 
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20. A method. according. to claim 19~ further eomprising the step of: 

ordering virtual connections having equal eligibility values in the first 

queiie according· to the predetermined quality of ·service. 

21. A method, according to claim 19. further comprising the step of: 

ordering virtual· connections.having equal quality of service values in the · 
. . 

second queue according to a priority assigned to ellCh of the virtual connections. 

22. A method, according to claim 21, furthCr including. the step of: 

varyjng the priority according to one or mOie anticipated data rates of each 

of the vinua1 connections. 

23. A method, according to claim 21, tunhet including the step of: 

varying the priority according to one· or mote credit variables assigned to 

each of the virtual connections. wherein the credit variables are indicative of 

allocated time slots provided to each of the virtual connections. 

24. A method. according to claim 21, further including the step of: 

varying the priority according to a backlog of cells., for each virmal 

connection. that are awaidng transmission. 
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25. A n:aetiiod. according to claim 21. furtbet,.including the step of: 

varying the priority accordin1 to one or more anticipated data rates of each 

of the virtual connections. one or more credit variables assigned to each of the 

virtual connections, wherein the credit variables are indicative of allocated time 

S slots .Provided to each of the vinual connections, and·. according to a backlog of 

cells, for each virtual connection. that are awaiting transmission. 

26. A method, according to claim 25, further in~luding the step of: 

varying the priority acce>rding to weights assigned to the data rates. the 

credit variables. and the backlog. 

27. A method. according to claim 19. further comprising the steps of 

. establishing a virtual connection by specifying initial U'affic parameters; and 

dropping cells that are received at a rate tbat exceeds rhat specified by lhe 

initial traffic parameters. 

28. A method. according lO claim 19. funber including die step of: . 

assigning one of four possible values the predetermined quality ot sel'Yice. 

29. A mechod, according to claim 28, further comprising the step of: 

. ordering virtual connections having equal quality of service values in the 

second queue according to a priority assigned to each of rhe vinual connections. 
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30. A method, accordin1 to claim 29, further including the step of: 

varying the priority according to one or more anticipated data rates oC each 

. of the virtual coanections, one or mon: credit variabl~ aisiped to. each of the . 

virtual connections, wherein the credit variables ire indiQaive of allocated time 

S slots provided to each of the virtual connections, and iccordiq to a backlog of 
. . 

cells, for each virtual connection, lhat are awaiting ttansmission. 

31. A method~ aecording to claim 30, further including tbe step of: 

varying the priority according to weights assigned to the data rates, the 

credit variables, and tbe backlog. 

32. A mtthod, according to claim 19, funber comprising the step of: 

placing a vinual connection associated with an admitted cell directly on the 

second queue in n::sponsc to a burst indicator for the vinual connection being set. 

33. A method, acconting to daim 32, funher comprising the step of: 

ordering· Yinual connections having equal qualitY of' service values in the 

second queue acc0rdin1 to a prionty assigned to each· of the virtual connections. 
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34. A Jiiethod. ~Ording to claim 33. ftii1her including the step of: 

varying lhe priority according to one or more anticipated data rates of each 

of the Virtual connecdons; one or more credit v~bles assigned to each of the 

vinual connections. wherein the credit variables are indicative of allocated time 

S slots provided to each or the virtual connections. and according to. a backlog of 

cells. for each virtual connection. that are awaiting transmission. 

3S. A method. according to claim 34. further including the step of: 

varying the priority according to weights assigned to. the data rates, the 

credit variables. and the backlog. 
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