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DEFRAGMENTATION METHOD AND ARRANGEMENT IN A DYNAMIC SYNCHRONOUS
TRANSFER MODE NETWORK

The present invention relates to a defragmentation method and

arrangement for increasement of the average block size of free

tokens in the nodes of a DTM (Dynamic Synchronous Iransfer Mode)
5 network.

DESCRIPTION OF RELATED ART

New high-capacity communication networks and protocols are
constantly being developed by the communicaticns industry and
academia. This development change frequently and new results
10 are important to application developers who integrate real-time
audio, video, and asynchronous communication services into
applications. The applications can be found on a wide range of
network access terminals. Terminals act as network hosts and
may be almost any electronic device, including small pocket.
15 telephones or television sets, wmulti-media workstations, and
million-dollar supercomputers. Hosts differ by oxrders of
magnitude in their .needs for process_ing power, and in their
communication services requirements. These disparate needs are
currently reflected in a set of independent network classes.
20 Each network class is optimized for its particular traffic and
applications: Cable Television networks use unidirectional
broadcast networks where the capacity is divided intoc fixed-
sized subchannels carrying video. A telephone network uses only
64 kbit/s duplex circuits with guaranteed throughput and
25 tightly controlled delay variations. Computer networks, such as
the Internet, allow a large number of parallel network sessions
by use of connectionless packet switching. They also use
statistical wultiplexing to efficiently utilize 1links. A
backbone network for mobile systems needs extra control (or

30 signaling) capacity to dynamically track all active terminals.
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10 New hi gh-capacity comruni cati on networks and protocols are

constantly bei ng devel oped by the comruni cations industry and

academ a. This devel opnent change frequently and new results are

i nportant to application devel opers who integgrate real - time audio,
vi deo, and asWyaen248sfous comruni cati on servi ¢es 15 i nto POWISESEAITINS.
The applications can be found on a w de range of network access

termnals. .Term nax!_.s. act, as netvg)rk hosts and nmy be al npst an

el ectroni c deVte YHF Jitdy wmefyrum of a&ﬁ%ﬁ8€F1°P§|8ﬁh%ﬁ&§9 Qégéy and to

television seb&, aufdbhtedtdha thaOrfature, itSt8si 9ASeadihei tdi BndOhhAY
super conput ers. Hosts differ by 20 orders of magnitude in their needs

for processingiposry , ngwd sometimes t gdpbabommetwesks omnderyi gy terminal
requi renents. Jhese. di spar.at _ dscar [re reflected in set
of i ndependent *REF¥&AGE "Eer e%'CC g§¥e§%8E§ghsﬁ’é‘?%?knfc’*%seggi's%pt‘f‘ﬁ??@%‘?‘gr
its particel argéividds netfwbrkapRppoztifgSexisBiie antelnew Seeicast HEEES to

use 25 unidirectional _broadcast networks. where the capacity is
di vided into bgixdRRIBEE. s TRehaPVEF3LllcagPdifig £QK deBich A  netwdrk are

scalability to global size and waximum sharing of expensive
network components to minimize cost. Optical transmission
technology has been shown to provide the necessary 1link

10 capacity at a low enough price to make integrated services

networks a realistic solution.

A- new integrated optical network with much higher capacity
will, however, introduce new problems not seen in today’s more
specialized and lower performance networks. First, when network
15 capacity increases and the information flight latency remains
limited by the speed of light, the increasing bandwidth delay
product will put higher demand on mechanisms that isolate a
user’s traffic from third-party network traffic. F telephone
se_ésion. for example, should not be affected by another usef
20 opening a high-capacity wvideo channel. Second, applications and
protocols ‘will need to operate reliably with an increasing
amount of information in transit to benefit from the increased
network capacity. This will lead to larger burst and

transaction sizes in the network.

25 Current networks using stateless packet switching protocols
such as the IP (Internet Protocol) have turned out to be
extremely scalable. They have evolved from small networks
connecting just a few DARPA (Defense Advanced Research Projects
Agency) research computers in the mid seventies to the current

30 global and ubiquitous Internet. Shared medium LAN's (Local Area
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t el ephone network uses only 64 kbit/s duplex circuits with
guar anteed t hroughput and tightly controlled delay vari ations.
Comput er networks, such as the Internet, allow a | arge nunber 30 of

paral |l el netwo ons by use of connectignless packet swi t chi ng.
They . al so usg‘}b%@%st ical multiplexing to . ef fici HRYVIEIHIS ze
| inks. A backbone network for nobile systens needs extra control

Eg:m f,; |92§| | NQ)Ne GAIAG) t Youd® as csmﬂyeng L:J%Eefl\z/fE ﬁﬁ‘g'é%E Eﬁﬁ i¥e Access/
08 JUN 1998 Collision Detection, token ring and FDDI (Fiber Distributed
AMENDED SHEET Data Interface) are used in the Internet as simple building
blocks connected by routers or bridges. The combination of easy

5 expansion, low incremental node cost and tolerance to faulty

nodes has resulted in simple, flexible, and robust networks.

Also, the shared medium allowé efficient application of new

multicast protocols such as IP multicast.

A drawback of the shared medium is that it typically permits
10 only a single terminal to transmit at any time not utilizing
all network segments efficiently. A scheme allowing the
capacity of the medium to be reused may be designed, but this
is often at the cost of complexity in the high-speed access
control hardware. Access control mechanisms for a shared medium
15 also depend strongly on the size of the network and are usually

efficient only for local area environments.

The two main types of network are connection oriented circuit-
switched networks used for telephony, and connectionless
packet-switched networks exemplified by the Internet. When a
20 circuit-switched network is used for data communication,
circuits need to remain open between bursts of information,
wasting ‘network capacity. This problem arises because circuit
management operations are slow compared to dynamic variations
in user demand. Anot:her source of overhead in circuit-switched
25 networks is the 1limitation of requiring symmetrical duplex
channels, which introduce 100% overhead when information flow
is unidirectional. This constraint also makes multicast
circuits difficult to implement and inefficient. A
connectionless packet-switched network, on the other hand,

30 lacks resource reservation and must add header information to
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2 Wth this wide spectrum of applications existing today and to be

augnented in the future, it is infeasible to continually I nvent new,
soneti mes gl obal, networks and a new term nal interface for each new
type of service. _ Instead, an 5 integrated services network
supporting exosiieg and new servi ces needs to be depl oyegyseddugr@ver al |
goal s for such a network are scalability to global size and maxi num
sharing of . expensive network conponents to mnimze cost.

Opt i cal t 28R Mnssaget asditrde gy ransnimaons homriie ot daateacy0 in a
necessary |link capacjt at _a low enough price to nmake

i ntegrat ed sEPPREESIPRISRT kK PagkREAFVitFhed olgtark cannot be accurately
predicted and packets may even be lost due to buffer overflow

or corrupted headers. The latter two factors make real-time
5 service difficult to support. Congestion avoidance mechanisms
can isolate traffic streams of different users. These schemes
are, however, limited to operating on a time scale comparable

to the round-trip packet delay.

To address the problems mentioned above, the communications
10 industry is focusing on the development of ATM (Asynchronous
Transfer Mode). ATM has been proposed for LAN’'s and many future
public networks. CCITT (International ITelegraph and Ielephone
Consultative Committee) also adopted it to be used as the
transfer standard in B-ISDN {(Broadband- Integrated Services
15 Digital network); ATM networks are connection-oriented and
establish a channel just as circuit-switched networks, but use
small fixed-sized packets called cells for information
transfer. The packet-switched nature of ATM means that the
network needs to have new mechanisms such as buffer resource
20 managers and link schedulers to establish real-time guarantees

for a connection i.e. virtual channel/path.

Another solution for providing real-time guarantees centers on
a circuit switched network and must therefore address circuit-
switching concerns such as described above. A new shared-medium
25 control protocol is also employed, and so have common shared-
medium problems to be considered. This design, called DTM
{Dynamic Synchronous ITransfer Mode), (see e.g. Christer Bohm,
Perl Lindgren, Lars Ramfelt, and Peter Sjédiﬁ, The DTM Gigabit
Network, Journal of High Speed Networks, 3{(2):109-126, 1994 and

30 Lars Gauffin, Lars Hakansson, and Bjdérn Pehrson, Multi-gigabit
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A new integrated optical network with nuch hi gher capacity wll,

however, introduce new probl ens not seen in today's nore speci al i zed
and |ower performance networks. First, when 15 network capacity

i ncreases and the information flight |atency remains limted by the
speed of |ightWO¥¥d845ncreasing bandwi dt hSdel ay product wi PET Wi her
demand on nechani sns that isolate a wuser's traffic from
third-party - network traffic. A telephone.session, for exanple,

shoul d not be metwdrkingedeaged emoPBér Camputepplatwerks amd ghSRN¥ pdrstems,

vi deo chan 0 l.hcatj.gns ...and protocal L1l need.to.
operate reli agf (%’ﬁﬁﬁéﬂgi’ghcr .ag':lngltgg%ur!ﬁsegf %?fjgfggt ?gn%ﬁ comppnLeatiqn,
benefit from tiestddamnd Tieis\ékamtdlaci dVEfer NEfom t¥léphdrgadeiedidisgain

burst and transaction sizes in the 25 network. Current networks using
stat el ess packEariqis cHANE - prikstol sestaklishnant hdelay (46 cFhRXT POt JeHY

have turned ouL LG s !B Bl YoSfl Rled110008%a NAYRafY UMY dd ¥ ™4

net wor ks

user requirements change. Second, they are simplex and so
minimize overhead when the communication is unidirectional.
Third, they offer multiple bit-rates to support large
variations in user capacity requirements. Finally, they are

10 multicast, allowing any number of destinations.

DTM channels share many beneficial properties with circuits.
Thexre is no transfer of control information after channel
establishment, resulting in wvery high utilization of network
resources for large data transfers. Support of real-time

15 traffic is natural; there is no need for policing, congestion
~ control or flow-control within the network. The control
information is separated from data, which makes multicast less
complex. The transmission delay is negligible {i.e. less than

125 ps) and there is no potential for data loss because of

20 buffer overflow as in ATM. Bit-error rates depend on the

underlying link technologies, and switches are simple and fast

due to strict reservation of resources at channel setup.

DIM can show good performance in areas where traditional
circuit-switched networks fall short: dynamic bandwidth
25 allocation, channel establishment delay, and as shared media

networks.
SUMMARY OF THE INVENTION

One of the major problems using DTM with block tokens,

especially with a distributed token manager, is fraamentation.
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connecting just a few DARPA (Defense Advanced Research 30 Projects Agency)
research conputers in the md seventies to the current gl obal and

ubi quitous Internet. Shared medi um LAN s (Local Area Networks) such as
CSMA/ CD (Carrier Sense Mul ti pl e Access/ Col lision Detection, token ring

and FDDI (Wolortagh® stributed Data Interfage) are used in tgqdeddfrfpct as
35 sinple building blocks connected by routers or bridges. The
conbi nati on_.of easy expansion, |ow increnmental node cost and

3 The average number of contiguous free time slots in a node of a
DTM network is small, due to the random movement of tokens and
the varying capacity of users request. This gives relatively
long access delays (in the millisecond region) for high capacity

5 channels, particularly at moderate to high load.

The object of the invention is to solve this fragmentation
problem. This is accomplished with a defragmentation method and
arrangement for increasement of the average block size of free

tokens in the nodes of the DIM network.

10 The defragmentation according to the invention comprises
defining a home node for each token at network startup or during
network operation in such way that the tokens sharing the same
home node will always define at least partly a continuous élot
range, sending back free tokens to home nodes when a significant

15 time has passed and, merging two or more slot-consecutive tokens

into a single token when existing in the free pool of a node.

The defragmentation method according to the invention avoids the
problém mentioned above. The method returns tokens to their home
nodes as a way to increase the probability that two consecutive

20 tokens can be merged in the free pool of the nodes which
decreases fragmentation.

An avantage with the invention is that it can be realized in
both a central or a distributed token management scheme or in a
combination of these schemes. The best improvement in terms of
25 access delay is obtained in the distributed token management

scheme.

Another advantage is that the new home nodes can be defined for

tokens during network operation.
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tolerance to faulty nodes has resulted in sinple, flexible, and robust
networks. Al so, the shared nediumallows efficient application of new
mul ti cast protocols such as IP nulticast. A drawback of the shared
mediumis that it typically permits 5 only a single termnal to transmt
at any tine nd¥OW24845zi ng all network gegnents effici enPCI/SEICNITAD
schene allowng the capacity of the nediumto be reused may be

desi gned, but this is often at the cost of conplexity in the high-speed
access cont yet afwtlbrnladivanbagesss thatt thé s&gﬁtﬁ&bant tin@r canshar ebodén

medi um al so depend strongly on the sj of the net g\nd ar.e usyal |y
efficient onl ylRoBeYRKRY WaYés BRAR drﬁz{‘ﬁnttéme' as 3195\/0 one Fime,eT after’a

network are COBE@EH?&:{)& | ARG dff Widral crifkkepedonchdonkeoBtad n of

t el ephony, and connectionl ess packet -swi t ched networks exenplified by
the Internet. thhse aays. crheusigsificantd tigewhals to beedhpsendhoaoptimize

communi cati on, circuits need,to remai.n onen bet rst f .
i nf or mati o¥ the performance; 1% Le time '%s to svi"neort: btlﬁe fet%:agmentat:.on
method and arrangement will yield less sharing of resources and

if it is too long fragmentation will still be a problem.

Yet another advantage is an improved performance when combined
with a slot reuse method allowing data slots to be used for
10 simultaneous transmissions over disjointed segments of the
network. The defragmentation method and arrangement will then
be used in both =slot and segment dimensions. The
defragmentatich method and arrangement according to the
invention may pteferably prioritize merging segments before

15 wmerging slots.
BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in greater detail below with
reference to enclosed drawing, in which
fig.ll illustrates a dual-bus DTM network,
20 fig. 2 illustrates a DTM 125 ps cycle with a home node defined
for each data slot according to the invention,
fig. 3 illustrates a token map showing slot number and segment,
fig. 4 illustrates a slot-segment map showing reuse of slots
according to the invention,
25 fig. 5 illustrates the performance (throughput and access delay,
respectively, versus offered load) for small user requests
(16 kbyte) and for different minimum acceptable capacities
as simulated using a distributéd token server according to

the invention,
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wasting network capacity. This problem arises because circuit managenent
operations are slow conpared to dynam c vari ations In user denmand.
Anot her source of overhead in circuit- 20 switched networks is the
limtation of requiring synmetrical dupl ex channel s, which introduce
100% over hegh 9dhgdasi nform ation flow ig unidirectional popspedbizio
constraint also nmakes multicast circuits difficult to 1nplenment and
inefficient. A connecti onl ess packet-sw tched network, on the other

cach’ mossage B8 of CARREATEE] She Poffimits, 267 P bokt FgiEska" 1

connectionl ess parkgtes\dnd lfod BeEBELEnE HiiderDBf aSTIHWREC k¥t ried HREDEE M
and packets nmay even be | ost due to buffer overflow or corrupted

headers. The | at ¥eduesp hlacking agkeipelated weing aGistedbured itoken to

support. Congesti ﬁr@g [ iEECRan; I solate traffic streans of
di fferent users. % ese scC emesgiE grgﬁgﬁ%agvgggnrinited to operating on a

ti me scalse cdtiparabidustrateshacessndelay mspacEahctidmyf simulated time
using A) the defragmentation scheme according to the
invention and no fragmentation at simulation start, B) the
defragmentation scheme according to the invention and
maximum f£ragmentation at simulation start, and C) no
10 defragmentation scheme and and maximum fragmentation at
simulation start,
fig. 8 illustrates theoretical dual-bus and DTM throughput
versus offered load for a dual-bus DTM network with and
without slot reuse,
15 £ig. 9 illustrates the performance for different packet sizes as
simulated using a central token manager in a 10km long
dual -bus DTM network without slot reuse,
fig. 10 illustrates the performance for different packet sizes
as simulated using a central token managef in a 10km long
20 dual-bﬁs DTM network with slot reuse according to the
invention,
fig. 11 illustrates the performance for different packet sizes
as simulated using a central token manager in a 1000km
long dual-bus DTM network with slot reuse according to the
25 invention,
fig. 12 illustrates the performance for different packet sizes
as simulated using a distributed token manager in a dual-
bus DTM network with defragmentation and slot reuse
according to the invention,
30 fig. 13 illustrates the performance for different bus lengths as

simulated using a distributed token manager with

This Sheet Has Been

A



To address the problens nentioned above, the comuni cations 35 industry is

focusi ng on the devel opnent of ATM (Asynchronous Transfer Mbde). ATM
has been proposed for LAN s and many 4
future public networks. CaTT (International Tel egraph and Tel ephone

Consul tati ve O¥WdHi/24845¢) al so adopted it to be used as t he PCU/SRASI0ET49
standard in B-1SDN (Broadband I ntegrated Services Digital Network).
ATM networks are connecti.on- 5 oriented and establish a channel just as
circuit-swtched defragmentation and slot reuse according to the invention,

and
fig. 14 illustrates the performance for different traffic
conditions as simulated using a distributed token manager
5 in a dual-bus DTM network with defragmentation and slot

reuse according to the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

First, the DTM MAC (Medium Access Control) protocol will be
described. The basic topology of a DTM network is a bus with
10 two unidirectional optical fibers connecting all nodes as is
showed in fig. 1. Several busses with different speeds may be
connected together to form an arbitrary multistage network. In
the current prototype implementation, buses can be combined
into a two-dimensional mesh. A node at the junction of two
15 Dbuses can synchronously switch data slots between the two
busses. This allows for efficient switching with constant delay
through the node. The primary communication abstraction in DTM

is a multi-rate, multicast channel.

The DTM medium access protocol is a time-division multiplexing
20 scheme. The bandwidth of the bus is divided into 125 ps cycles,
which in turn are divided into 64-bit time slots (or slots for
short) as illustrated in fig. 2. The number of slots in a cycle
thus depends on the network’s bit-rate; for instance, on a 6.4

Gbit/s network there are approximately 12500 slots per cycle.

25 The slots are divided into two groups, control slots and data
slots. Control slots are used to carry messages for the
network’s internal operation, such as messages for channel
establishment and bandwidth reallocation. The data slots are

used to transfer user data and are not interpreted by
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net wor ks, but use small fixed-sized packets called cells for - information
transfer. The packet-sw tched nature of ATM neans that the network needs
to have new nechani snms such as buffer - resource nmanagers and |ink
schedulers to establish real-time 10 guarantees for a connection, i.e.

virtual charpisbsagish- Anot her sol utioggfor providing r%’r/‘sﬁis'ﬁ 49
t

guarantees centers on a circuit-switched network and nust erefore
address circuit- swi tching concerns such as described above. A new

shar ed- i : I ol i | so n have _co n_15
shar ed- nedi tﬁgggg{g%g%'%o rgéé:%%%si 38?‘8%.’ *‘ﬁ?ghg%g%tﬁaa g‘ﬁ &d él(%DTnges
(Dynani ¢ SyngltesenstHs astafree Radedestimdeion.g. Christer Bohm Perl

Li ndgren, Lars Ranfelt, and Peter Sjodin, The DIM G gabit Network,

Journal of Hi gh Speed Networks, 3(2):109-126, 1994 and Lars Gauffin,
DTV Comput oMt ai} KLobRER PoeySpeorts 9. (54  BSRUE IR, NI Cuslin oo
glh?][lgrel S ?2mfdaﬁtrolﬁonﬁh@i Ciddels RSt akhl OBlots andhesérf&faNeletwork
5 management operations, such as network start-up and error
recovery. The main tasks of the node controller are to create
and terminate channels on demand from users, and to manage
network resources in response to user requests and in the

background.

10 Control slots are used exclusively for messages between node
controllers. Each node controller has write permission to at
least one control slot in each cycle that it uses to broadcast
control messages down-streams to other nodes. Since write:
access to control slots is exclusive, the node controller

1S5 always has access to its control slots, regardless of other
nodes and network load. The number of control slots a node use

may vary during network operation.

The network is not restricted to a dual-bus, but can be
realized by other kind of structures, e.g. a ring structure
20 with an arbitrary number of nodes. The transmission media can
besides to optical fibers be coaxial cables or any other high
bandwidth transmission media. Hereafter the transmission media
will be referred to as optical fibers. The bandwidth of the DTM
dual bus in the prefered embodiment is divided into 125 ps
25 cycles, which in turn are divided into 64-bit time slots. The
invention is not restricted to DTM networks with this values,
but can be used in networks with cycles and slots of arbritary

sizes.
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tel ephony circuits in various ways. First, establishnment delay is
short so that resources can be allocated/deall ocated 25 dynamcally as

fast as user requirenents change. Second, they are sinplex and so

'm ni m ze over head when the comruni cation is uni di rectional . Thi rd,
‘they offer nmwagrphsas bit-rates to supppit |arge vari aRCUSES6/OITH#D
:user capacity requirenents. Finally, they are nulticast, al | owi ng
any nunber of 30 destinations. DTM channel s share many benefi ci al
properties wthpgih€ihlds for TReseurcé madagekens ecabledorbkeh imahageméhon
after channel establishment, resulting in very high utilization of

net wor k resoWidtsbef geseribpd hpkoy. (Thendrdosityspfpshe Siok8alni AnEvaie
or 1 ow cont roP TS (HH FRETR ariee® o UELATeIRBICEhAAGes SR Cune,
according to traffic demands. Write access to slots is

5 controlled by slot tokens ({or tokens for short). A node
controller may write data into a slot only if it owns the

corresponding token. The token protocol guarantees the slot

access to be conflict free, which means that several nodes do

not write data into the same slot.

10 Control messages for channel establishment and bandwidth
reallocation carry set of slots or tokens as parameters.
However, a control message is 64 bits and can therefore have
only a small number of parameters. This means that if a user
requests a large bandwidth transfer, it may be necessary to

15 send several control messages to create the channel. This

introduces extra access delay and consumes signaling capacity.

We are considering several mechanisms to decrease the amount of
information that needs to be sent during channel creation and
token reallocation. The first optimization in token management
20 is to introduce block tokens. A block token is transferred in a
single control message and represents a group of tokens, but
can only be used for particular combinations of tokens. For
instance, in the simulator a block token is denoted by a slot
number and an offset giving the number of contiguous slots in
25 the group. The block token optimization assume that the token
pool is not fragmented into small pieces. This will be referred

to as fragmentation of the token pool.

The token protocecl guarantees that a data slot can never be
used by two nodes simultaneously on the bus. Sometimes this

30 protocol is too conservative. Fig. 3 shows an example of how
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5 information is separated fromdata, which nakes nulticast |ess
conplex. The transm ssion delay is negligible (i.e. less than 125
[err]s) and there is no potential for data | oss because of buf f er
overflow as in ATM Bit-error rates depend on the 5 underlying |ink

t echnol ogi esWHT@484i t ches are sinple and fast due to stPCHSEISRITEY vati on
of resources at channel setup. DTM can show good perfornance in areas
where traditional circuit-switched networks fall short: dynamc

bandwi dth  ehreéatbRanschanned, esidbt) shpENkedelvva 26F PBrsbacrshiedl a
10 networks. Nodes are connected by bus segments and channels typically use
a subset of the segments on the bus (gray color) and the rest

are reserved (white color) but left unused and thus wasting

5 shared resources. A better alternative is to let channels only

reserve capacity on the segments between the sender and the

receiver as the example in fig. 4. A single slot may in this

case be used multiple times on the bus. Channel D and E are

using the same slots as channel 2a and C but on different

10 segments. This is referred to as slot reuse. Slot reuse enables
simultaneous transmissions in the same slot over disjointed

segments of the bus.

Slot reuse is a general method to better utilize shared links
in ring and bus networks. The slot reuse algorithms in DQDB
15 (Distributed Queue Dual Bus), Simple and CRMA (Cyclic
Reservation Multiple Access) depend on control information in
the slots. Buffer insertion networks when combined with
destination release as in METARING may reuse capécity of
individual 1links .and resolve eventual contention by delaying

20 the incoming packet stream through an elastic buffer.

With slot reuse, the access scheme comp_lexity is increased,
regardless of whether it is done in hardware as in DQDB,
Simple, and CRMA; or in software, as in DTM. When implemented
in systems other than DTM, slot reuse also add complex hardware
25 to the critical high-speed path through a node and therefore

increases the node delay.

To allow slot reuse in DTM the block token format is according
to the invention extended to include parameters describing the
segment (s} it is representing. The token management protocol is

30 also according to the invention modified to avoid conflicts in
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SUMVARY OF THE | NVENTI ON One of the mjor problems using DIM

with block tokens, especially with a distributed token nmanager, is
fragnent ati on. The average nunber of contiguous free tinme slots in a
‘node of 15 a DIM network is small, due to the random novenent of tokens
and the valX@M§®Bapacity of users reddest. This gPGHEEISN1749
relatively |l ong access delays (in the mllisecond region) for hi gh
capacity channels, particularly at noderate to hi gh | oad. The obj ect of
the inventionths sbosmwwbemi@nfem@g}mnaat vehl 24s hitebkegrentTidigension. The

ntat i o . et hod and f or

| hed
o erme st dnpGrEARE" ARRLRBEI G §B  cnar?30 o BREFI T Mhandde hay the

the DTM net wgliginal prototype implementation where allowed or needed. The
performance gain is also quite clear: on a dual-bus where

5 source and destination pairs are uniformly distributed it has

been shown that throughput may be increased by a factor of two.

The performance gain can be even higher in other network

designs; e.g. in a double ring structure with source and

destination nodes uniformly distributed throughput may be

10 increased by a factor of four. Having nonuniformly distributed

source and destination nodes the gain may be much higher.

The potential drawback of slot reuse in a DIM network however,
is the higher algorithm complexity and eventually higher load
on the node controller and signaling channels (especially if

15 the average channel duration is short).

Two token management schemes have been evaluated. The first and
simplest is to let a single node controller manage all free
tokens for one fiber. This sort of centralized server mechanism
has also been used in systems such as CRMA, where the head-end
20 node distributes the fiber capacity to all other nodes. The
simulator was configured so that for each fiber a node one
third of the distance from the slot generator was token server
(.with 100 nodes on a bus node 33 and 67 will be token servers).
This corresponds to the mid-point of demand for each of the two
25 unidirectional fibers such that a token manager will have the

same amount of traffic on both sides.

Each time a user request arrives at a node, the node first
requests tokens from the manager and then locks them throughout
the channel 1life time. When the wuser issues a request to

30 disconnect the channel the tokens are returned to the manager
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The defragnentati on according to the invention conprises defining a hone
node for each token at network startup or 25 during network operation in
such way that the tokens sharing t he sane honme node will always define
at least partly a continuous sl ot range, sending back free tokens to
home nodes WORAHEMS4S significant time has passed and, mer gi IPETISESST49TOr €
sl ot-consecutive tokens into a single token when existing in 30 the free
pool of a noede. The defragnentation nmethod according to the invention

avoi ds the jwiraidiatedP0t ADDedeqbomes arel i 1830 au&&hﬁr BRel BKRES fdquest
their hone nodes_as a way to increase the probabilit at two

and accesses are serialized through the central manager.

The distributed token manage:é is fundamentally more complicated
than the centralized. We tried to keep it as simple as
5 possible. In our method each node regularly broadcasts staﬁus
information about how many free tokens it has. The other nodes
store this information in their status tables. A node that
wants more capacity consults its status table to decide from
which node to request slots. The protocol on the initiating

10 side works as follows. When a user request arrives to a node:

1.If the node has sufficiently many free tokens to satisfy the
request, it allocates the requested amount of slots to the
user, and starts the channel by sending a channel
establishment message to the destination node, and then

15 transmitting data using the reserved slots.

2.0therwise the node marks its available tokens as being
reserved, and then checks its status table: if the total
amount of free tokens in the network is not enough to fulfill
the request, then the request 1is rejected (blocked).

20 Otherwise the node requests tokens from nodes with unused

capacity.

If one of these nodes receiving a token request does not have
the requested amount of free slots, it still gives éway all
of the slots it has. In any case, it sends a response back to

25 the requesting node. A node fulfills incoming requests in

strict FIFO order.

When a node receives a response to a token request, it marks
the slots it receives in the response (if any) as being

reserved. When the node has received responses to all
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6 consecutive tokens can be nerged in the free pool of the nodes
whi ch decreases fragnentation. An advantage -with the invention is that
it can be realized in both a central or a distributed token nanagenent

schene or in

5 a conbi nati on of these schenes. The best i rovenent in
wdnBes DRRISER e

terns of delay is obtained i¥ the distribu
managenent schene.. Anot her advantage is that the new hone nodes can be
defi ned for tokens during network operation. 10 Yet another advantage

is that the sigmeduestg tknchamnskst, hoedbhen ssheats Wags.channsds dbe
time, as a last_hpne

10

15

20

25

i
rejecté the user request, depending on whether or not it has
acquired sufficient capacity. If the user reguest is

rejected, the reserved slots are marked as free again.

At startup all free tokens are evenly distributed among the
network nodes and each node takes at least one of its free
tokens, moves it {(them) to the active state and declares it
(them) to be a control slot. User requests may now be accepted

and tokens can be moved between nodes on demand.

A weakness with this scheme is that slot reallocation is only
triggered by user requests, and user requests are delayed by
pending token reallocation. An optimization we have implemented
to remedy this is to also perform slot reallocation in the
background. This results in less need to reallocate tokens for

small to medium sized requests.

The pool of free tokens may be distributed in other ways than
evenly to increase reallocation success rate and utilization.
If fewer nodes are managing the pool, channel blocking

decreases as a result of a lower probability of token

reallocation failure.

The complete token pool is in this case distributed
proportionally (nodes close to the slot generator get more
tokens than nodes far away from it) among all nodes. Token
transfers may occur between any pair of nodes instead of always
involving the server node. When the local node contains enough
tokens to fulfill an arriving user request, the request may be
accepted without any token reallocation. Furthermore, as long
as the arriving user reguests are well matched to the poocl

distribution no reallocation will ever be necessary.
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or after a significant nunber of signal transfers or as a conbi nati on of
these ways. The significant tinme has to be chosen to optim ze the
performance; if the time is too short 15 the defragnentation nethod and
arrangenment will yield |ess sharing of resources and if it is too |ong
fragnent ati onRi%R4845 stji|| be a problem 16 Yet another adRCAVEESGE17495 an

| mproved perfornmance when conbi ned with a slot reuse nethod all ow ng
data slots to be used for 20 simultaneous transm ssions over disjointed
segnents of th@everaictquesktichee nedd agoebe akhswer®d NosEd RIdiEIAe Bl Wid |
t hen be usgﬁ&ér1, oth sl ot apd segnent_ di nensions. _The defragnent-

ation net hod S &Gt LREEBr BPRY: tTha Holleving bsungyare addressed:y

prioritize merging segnents before nmerging slots. 25 Advantageously,

according to a jwheéd RENdirEdurcasSifidtRe 'RO&e ard' MR leholgh! €69 sA) o

the tokens at network startup or | during network operati on.
user request, which other node should be asked for more
5 tokens?

2.1If a node asks for tokens from several nodes, how many tokens
is it going to ask for and should the node reject the channel

if it receives a fraction of the requested capacity?

3.If tokens move freely among the nodes, will the token pool be

10 fragmented into small pieces and render the block token

optimization scheme useless?

Status messages were decided to be used to distribute
information about the pool of free tokens. Status message
information is used to help a node choose a suitable node when
15 asking for more resources. This method addresses the first

question above.

Our scheme works as follows. Each node regularly broadcasts
status information about how many free tokens it has. The other
nodes store this information in their status tables. A node
20 that wants more capacity consults its status table to decide
from which node to request slots. The broadcasted state
information gives an approximate and dated view of the current
state of token information, so token requests may be rejected
because they were sent to nodes that no longer have tokens to

25 give away.

Status tables are “soft” information in the sense that the

system will work even if they are out of date or not available.
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Preferably, according to a second enbodi nent, all nodes are defined as
home nodes anong which the tokens are distributed 30 at network startup or
during network operation. Advant ageously, according to a third

enbodi nent, a set of nodes are defined as hone nodes anbng which the
tokens are WOR@Sputed at network startup or during net WwBr¥SHBEFAY i on.

Preferably, tokens can be reallocated to new hone nodes during 35 network
oper ati on.

They should, however, improve the success rate of reallocation

procedures.

When comparing basic performance of the centralized (fig. 9)
and the distributed (fig. 12) token manager we see that there
5 is a new type of rejections that is frequent in the distributed

version when resources are still unused in the system.

A node uses the status table to pick node(s) from which to
request tokens. When the request xeaches the target node the
amount of available capacity way have changed and a smaller
10 amount than requested may be returned to the requesting node,

resulting in a user rejection.

This behavior results in even more unnecessary token movement
and therefore also increases the probability of other nodes:
receiving fewer than requested tokens. The tokens that are

15 moved in this case are also locked and unused during the

transfer.

If the pool is distributed proportionately among a large number
(100's) of nodes, the average pool size will be relatively
small. When the load is high, the number of free tokens in
20 pools decreases even further. If nodes also create and destroy
channels at a very high rate, the amount of free capacity in
individual nodes jumps between having a small amount of
capacity and having none. Now, if the average capacity
requested by a user is large compared to the number of free
25 tokens of a node, several nodes need to be asked to fulfill the
request. At this point the probability that one of the
requested nodes do not have any free capacity increases,

leading to a user rejection.
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7 Advant ageously, the free tokens are sent back to their
respective honme node when they have been idle for a

significant tine. Preferably., according to another enbodi nent, the
free tokens 5 are sent back to their respective hone node when they
have not WORReedS at their respective hoge node for a si gPGCWSEIGMIT4R | e,
a so called [ ast hone tine. Advant ageously, according to
anot her enbadi ment, the free t okens are sent back to their

;L fZFgf; Ib?/e horppadlessd t BEvaral wifsStenisbiacant @uﬁbe@reﬁlémgaﬁthéﬁéngéfﬁ%-

_ y. when a node gets a token request froma | ocal user or

‘user a token ibkagkckewprdpm t¢rOYAL 2e0k vdedol Fdfrst, we may not give away

| any slots at all when the complete request cannot be fulfilled.
This protocol applies if only a single node is asked for free

5 tokens but if several nodes are asked it may still result in
tokens being moved or locked unused. Second, if after a token
request, we receive fewer tokens than we requested we may
simply retry the token request procedure several times. This
will increase the probability of accepting a user request and

10 that received tokens will be used. The cost of xetry will be
increased signaling and increased access delay, and it may
worsen performance in an overloaded network. Also user retry
introduces longer set-up delay for requests that are retried.
Third, the user may sometimes want to accept a channel with

15 less than requested capacity instead of being rejected.

If, for example, a user receives 50% of the requested he may
want to accept. In fig. 5 throughput, which is the ratio
between transported user data and total number of bits
transmitted by the fibers, and access delay, which is the time
20 from the arrival of a user request to the sending of the first
data of the request, for small (16 kbyte) user requests with
various minimum acceptable capacities {100% (40 slots), 50% (20
slots), and 5% (1 slot)] are plotted versus offered load. A
lower average minimum acceptable bandwidth will result in
25 higher throughput. In fig. 6 is shown the performance that
results if user (requesting a 16 kbyte data transfer) retries
up to 8 times Dbefore the request finally is blocked.
Utilization increases (and blocking decreases) at the cost of
more signaling and longer delay. Retrying a large number of

30 times is counter productive if it happens frequently.
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a node using a best-fit algorithm in which the token with smal | est

nunmber of slots that fulfill the requested capacity 15 i s chosen.
Advant ageously, according to anot her enbodi nent, when a node needs
to request a_token from other nodes and no token that f ' t he
requested caphertyo¥xists the nunber of tokbfs t hat EFE'%&’OJ’;
prerequisited is mnimzed. 20 Preferably, the nmethod is conbined with
a slot reuse nethod in - the DTM bl ock token fornmat

i s extended t cClearimiethe benefl‘p'ar St 8r $18EibLE HMAET HEREFRe RPLPY: 18
bet ween source, ang. pabil G} | TEE | Qb anihenbbAek t8¥&Pa11

r : e -
capacity is reserved B ?y on the segnent 1?’%? reject bet ween Source and
destinati on nothkrowgisput. Either of the configurations presented in fig. 5

and fig. 6 may be decided at arrival time of a request. A user
5 that has strict demands on the capacity for a channel may retry
until enough capacity is allocated, but another may rather
accept a channel with less then the requested amount. For the
rest of the simulations presented here the minimum acceptable

bandwidth is defined to be 50% of the requested capacity.

10 In the general case, the average number of contiguous free
blocks in a node is small, due to the random movement of tokens
and the varying capacity of users request. This fragmentation
renders the block token optimization practically useless, and
the access delay is relatively long (milliseconds) for high

15 capacity channels. To make block allocation efficient it is
necessary to reduce fragmentation of £free tokens, otherwise
fragmentation will be by far the main contributor to access
delay for high bandwidth channels at moderate to high load. Low
capacity channels will almost always have a very short channel

20 establishment delay independent .of the current amount of
fragmentation. In the case of slot reuse, the fragmentation
problem is even worse, as fragmentation may occur in both slot
(time) and segment (space) dimensions (see fig. 4). This is in
the centralized server version a particular application of the

25 general dynamic storage-allocation problem. In the distributed
token manager most of the fragmentation is a result of using
many free pools (one for each node). Two free adjacent tokens

can only merge if they are found in the same node.

A distributed scheme that tries to avoid fragmentation if

30 péssible and increases the average block size of free tokens in
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- sinmultaneous transm ssions in the sane slot over disjointed

segnents of the network are enabl ed. Advant ageously, two or nore
segnent - consecuti ve tokens the 30 sane slot range are nerged into a
si ngl e token when exi sting in the free pool of a node.

Preferably, XC8MB#y to anot her enbodi nent20 two or nore sl GCI/SEE/01749
consecutive tokens representing the same segnent range are

10

i5

20

25

the nodes has been implemented. The scheme is used both with

and without slot reuse.

The scheme works as follows:

1.Define a home node for each token at network startup and
distribute tokens in such a way so tokens sharing the same
home node will always define a continuous slot range. This

results in a large average token area in the token map shown

in fig. 4.

2.When two slot-consecutive tokens with the same slot or
segment range exist in the free pool merge them into a single
token (sometimeé a recursive split and merge operation is
needed) . When doing a merge always prioritize segment merge
before a slot number merge. (The reason for this is that
tokens spanning over just a few segments are less useful to
other nodes than tokens spanning over many segments). Two
segment -consecutive tokgns, representing at least partly the
same slot range and existing in the free pool of a node, are
splitted to obtain segment-consecutive tokens representing the

same slot range, which are merged into a single token.

3.When a node get a token request from the local user or a
remote user, pick a token from the token pool using a best-
fit algorithm in slot number and segment number dimension
(see fig. 4). The wvalue of a token is calculated as the area
of a token in the token map and we tries to pick the token
with the smallest area that fulfill the requested capacity. A
cost function can also-}ae defined as a function of e.g.
number of slots, number of segments, location of slots and
location of segments, which  function should be minimized,

however, still fulfilling the rquested capacity. This
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merged into a single token when existing in the free pool of a node.
Advant ageously, two segnent-consecutive tokens, representing at | east
partly the same slot range and existing in the free 5 pool of a node, are
splitted to o ' ment - consecut i ve ggens representing the sane sl ot
range, which are ﬂ%@g%d into a single to Preferab §T Gt node
gets a token request froma | ocal user a renpote user a token is

pi cked from the taoken I in 10 best orlt sl ot _.nunmber
and segment nufBer an?grg. r':r:e?llsiéglns}';lo gﬁ V&'ﬁec{‘l %Vgo Fﬂ%:g Gk et
snal | est area incentkBPizédkeskenTmanager. | ovest cost function that
fulfill the request ed capacity is chosen.

4 .When a node needs to request tokens from other nodes it does
not ask for small chunks from several nodes if it is possible

5 to ask for larger chunks from fewer nodes. The status tables
provide this information. Transfer of tokens is therefore

more efficient, and there are fewer establishment messages

and less fragmentation.

5.Free tokens are sent back to home nodes when they have been

10 idle for a significant time or after a long transfer.

This scheme returns tokens to “homé" nodes as a way to increase
the probability that two consecutive tokens can be merged in
the free 1list which decreases fragmentation. If home node
“gravity” is too strong the scheme will result in less sharing
15 of resources and unnecessary signaling. If it is too weak,
fragmentation will still remain a problem. The “gravity” may be

changed during the operation of the bus.

To evaluate the defragmentation mechanism we did another set of
simulations. Three different simulators [A, B, <C] were
20 configured. Simulator A was configured to have no fragmentation
at simulation start time and to use the defragmentation schemel
described above. B did start with maximum fragmentation of the
complete resource pool. All tokens had a single slot and no
tokens in the “home” nodes before the defragmentation mechanism
25 was turned on. Finally, simulator C was started without using
the defragmentation mechanism and with the pool having maximum

fragmentation. In all cases slot reuse wexre turned on and load

was defined to be 80%.
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Advant ageousl y, -according to another enbodi nent, when a node 15 needs to

request a token from other nodes and no token that fulfills the
request ed capacity exists the nunmber of tokens that are prerequisited is
m ni m zed. BRI EF DESCRI PTI ON OF THE DRAW NGS The invention will be
descri bed | WO78484&r detail below with 2®2 ef erence to encrerseision7edn ngs,

I n which fig. 21 illustrates a dual-bus DTM networKk, fig. 2
illustrates a DTM 125 [err]s cycle with a hone node defi ned

for each datinsfig. &t der dihognt ahehectewsardék'ay as a ffmgctianibfusimmlﬁeda
token map SPmWI ?gr 3 Ot xlrj\nbneertwor S%mulator Cg started with a long
access delay and the delay increased as the signaling channels
became overloaded and message queues grew. Simulator B using
5 the defragmentation mechanism starts just as bad as € but
already after 10 milliseconds the average access delay is below
500 microseconds. Later when one second of simulated time has
passed the B curve almost joins A i.e. it converges on the
performance of the simulator starting without any fragmentation
10 at all. The convergence speed depend on the amount of free
capacity in the network and therefore also on load. The load
during all these simulations was 80%. The defragmentation
mechanism clearly improves the access délay and also makes the
block token optimization meaningful in the distributed

15 implementation.

Two kinds of performance measures are of main interest:
utilization and access delay. Utilization is the portion of the
nominal network capacity that is actually used for data
transfer, and is a measure of the efficiency of the network.
20 Access delay is the time from the arrival of a user request to
the sending of the first data of the request, which is an
important measure for how well computer communication traffic

can be supported.

There are two main factors that influence utilization in DTM.
25 First, each node is assigned signaling capacity in the form of
control slots, which means that there are fewer slots available
for data transfer on a bus with many nodes, given fixed 1link
capacity. BSecondly, token reallocation incurs overhead since
while a slot token is being reallocated between nodes, the

30 corresponding slot cannot be used for data transfer.
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fig. 4 illustrates a slot-segnent map showi ng reuse of slots

according to the invention, fig. 5 illustrates the performance
(t hr oughput

for small

accept abl e

server
9

and access del ay, respectively, versus offered | oad)

userv%)!97 parequests (16 kbyte) d for differentggbg%gﬁ o

10

15

20

25

30

cities as sinulated ing a distribut
according to the invention,

Access delay depends mainly on the load on the control slots,
and on how many control messages need to be sent to establish a
channel. The access delay is typically a summation of a few
delays: e.g. node controller processing delay (5 ps], delay in
finding and allocating free tokens [100 ps), waiting for the
first available contxol slot to pass [50 usl, and finally
waiting for the first allocated data slot to be filled with
user data ([62.5 ps]. In addition, messages are delayed in
queues at the input to node controllers waiting to be
processed. In the simulations presented below the average

delay is up to a few hundred microseconds.

Results from simulations where DIM is exposed to traffic
patterns that are more 1like the relatively short-lived
transfers (4-4000 kbyte) seen in computer communication will be
presented. Traffies are with bursty inter-arrivals, client-
server oriented as well as with exponentially distributed
arrivals. In the simulation model, each transfer starts with
the arrival of a new “packet” of information. The node
controller tries to allocate resources for the transfer,
transmits the data and finally releases the channel. This is a
simplification of the mechanisms in a real system, where
channel set-up, data transfer and channel teardown are
independent operations initiated by the user. For example, a
user that knows that a transfer is about to take place may
*hide” the channel establishment delay by requesting a channel
in advance, so that it is already established when the transfer
starts. Between a setup and teardown, the capacity of the
channel is completely reservea for the user. The most straight-
forward usé of the channel is for a single transfer, such as a

file transfer or a video transmission.
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fig. 6 illustrates the performance for small user requests (16
kbyte) and for different nunber of allowed retries bef ore request
bl ocki ng as sinul ated using a distributed t oken server according
to the invention, 5 fig. 7 illustrates access delay as a function of
simul ated WO972484%i nme using A) the defraggentati on schensPCISESSMT49g t O
the invention and no fragnentation at sinmulation start, B) the
defragnent ati on schene according to the invention ' and maxi mum

fragnent ati onp@bersdifdg abkOrenet a&ﬁar@é\fﬁﬁ)st’l@sl%f thed ? bRYERELGH,| Ofic

schenme and nmaxi mum™ fragnmentation simul ation start lfsl g.
8 i |l ustr at esposmidrlet itonloptdunilzeh e aﬁdgé)TMthhe)Lgtﬁplnel For insmcms a
:.)feLgreed | oad for r?eldut%!ay Lbe D-ll.;'gleget rléransper sequences OW th terS|]9etvel
messages such as ATM cells or IP packets (this is similar to
$ using a single VC (Virtual Channel) for all IP traffic in an
ATM network). If the channel is a multicast channel, messages
to different destinations can be multiplexed onto the channel.
This means that each megsage will reach every receiver on the
multicast channel and receivers must be able to éfilter
10 messages. An alternative solution is to create and destroy a
channel for each message, but reserve the tokens between
messages SO that the tokens are readily available for the next

message in the seguence.

This type of user behavior is not incorporxated in the
‘15 simulations, since they are optimizations for particular
applications. Instead attention is paid to how the network

performs without user level optimizations.

The sender may start sending data as soon as the resources are
allocated, even before the receiver receives the channel
20 establishment message. This is called channel establishment.
The receiver will eventually respond with a control message to

accept or reject the channel.
User requests have the following parameters:

e Packet size which is the amount o©of user data transferred
25 between channel establishment and channel release. We

simulate packet sizes from a few kbytes up to a few Mbytes.

e Requested capacity for a channel, which is the number of

slots that a node tries to allocate. For all the simulations
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15 fig. 9 illustrates the performance for different packet sizes

.as simul ated using a central token manager in a 10km | ong dual - bus
:DTM net work wi t hout sl ot reuse, fig. 10 illustrates the performance
‘for different acket si.zes as simulated using a central token
‘manager in a 2W0972484510km | ong dual - bus DTMpget work with sl oPCHEEN§E1749
according to the invention, fig. 11 illustrates the
performance for different packet sizes as simulated using a
central token manggefpid ghper the reiHQQKEN LOPLcidHals tfi%cedD-EM 436‘5%{5 or
with slot reuse 25 according to the |nvent|on

illustrates the 2petd Moidnss for different packet S|zes as
simul ated using a.distributed token nanager in a dual bus DTM

n rk h fr n rdin
Iﬁbgﬁtlonmnt de ?%Hﬁntgééébtaéfé capaczty A nodeegfgéfgxx)ggq eéé)if it

cannot allocate this number of slots. This is normally set to

5 40 or 20 slots (100% or 50% of requested capacity).

¢ Source address.
s Destination address.

The source and destination addresses are generated randomly
{all nodes with the same probability) and user inter-arrival
10 times are exponentially  distributed. The simulations
investigate the effect of signaling capacity and slot
reallocation overhead on utilization, channei set-up delay, and
blocking. We simulate varying traffic conditions, for a

topology with the following characteristics:

15 e A dual bus network with 100 nodes. Even though it is
theoretically possible to connect many more nodes to a bus,
we think that management of networks with more than 100 nodes
on a bus may be infeasible. With 100 nodes the capacity
sharing is significant enough to exercise and test the token

20 management protocol.

e The capacity of each bus is 6.4 Gbit/s. We believe this is
realistic for what is realizable within a year or two; 2.4
Gbit/s optical links have been available for a few years, and
10 Gbit/s links have been announced to appear soon on the

25 market. - 6.4 Gbit/s corresponds to 100 MHz slot rate, which
is the rate at which the slot processing MAC hardware would

operate this speed attainable with current CMOS technology.
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30 fig. 13 illustrates the performance for different bus |engths

as sinulated using a distributed token manager with

defragmentation and slot reuse according to the i nvention
and fig. 14 illustrates the performance for different traffic 35

condi ti ons

10

10

15

20

25

awepmat ed using a distribu t oken PCT/SE96/01749

manager in a dual-bus DTMn mnrk wi th defragnentation

¢ The total signaling capacity is the same for all nodes but
the slots are partitioned between the two fiber directions
proportionally depending on where the nodes are located on
the bus. The closer a node is to the slot generator the more
control capacity is needed. The sum of the control capacity
on both buses will however be the same for all nodes. In the
network with two token servers, the servers has more control

capacity and higher processing capacity than the other nodes.

e The length of the bus is 10 km, which gives a large enough
network that the effects of propagation delay are not
negligible. Results from studies of the effects of

propagation delay in simulations with different bus lengths

are presented in fig’s 11 and 13.

e Two different token management schemes are simulated: an
asymmetrical scheme where all the tokens on one fiber are
managed by a single token server and a symmetrical scheme
.where each node controller manages a small piece of the

global token pool.

When analyzing the performance of the DTM dual-bus network the
issue of maximum theoretical performance must be addressed and
compared to the simulated performance. The maximum theoretical
performance is also used in this paper to compare the different

schemes and implementations we are evaluating.

The maximum throughput of a dual-bus system without slot-reuse
can be defined as twice the link capacity, given that both
fibers receive the same traffic. In a system with slot reuse
the system throughput also depends on the source destination
distribution. To obtain this throughput for the dual-bus we

used a Monte Carle simulation where source and destination
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and sl ot reuse according to the invention. DETAI LED DESCRI PTI ON OF
EVMBODI MVENTS First, the DTM MAC ( Medi um Access Control) protocol

will be 5 described. The basic topology of a DTMnetwork is a bus with
two unidirectional optical fibers connecting all nodes as is - shown
infig. 1. SeWe? ses with different spédds may be PCTSENIMP4R
together to forman arbitrary nultistage networKk. I n the current
prototype inpl ementation, buses_can -be conbi ned

t wo- di Mensi onéldd|¥|§§ﬁes Wﬂrﬂo%lfaqr“llh’e‘ﬁlﬁﬁé'f-*"éfﬁﬁ%f(ste\ﬁoleft gralﬁh&fs Eign 8)

synchronously C‘% %att"l’nél QLT Rl el WARD ﬂerlelgg tﬁﬁ,?%aug%r ﬁ?éifﬁ.gg%&%ﬁ% akor

efficient sw tc | ng const ant
primary comuriefdinednbabstrasingm centraln.raeﬁ)‘l‘Mkal aanaper) rvdtere mhlet usest

channel . 15 The DTM nedi um acgess protocol is a ti di vi si
rrultlpl exi ng regquests large transgers (4 MB at 20 sz{rt!,a/s capacz.ty) and

5 signaling capacity is not a bottleneck (see right graph of fig.
8), utilization is close to the ideal case. Real ﬁraffic
behaving 1like this is bulk-data transfers and audio/video
" streams. The differences that are shown are a result of: Some
capacity is in DTM used for control slots lowering the

10 available number of slots to be used by data transfers. The
random generators for the DTM system do not generate exactly
the same amount of traffic in upstream and downstream
direction. This may result in blocking in one of the directions
when capacity is available in the other. During channel

15 establishment resources may be locked unused momentarily

wasting some capacity.

In the case of central token manager the twe managing nodes
need more signaling capacity than other nodes (EBight times as

many control slots to a server node than to other nodes are

20 assigned).

Results of the first set of 'simulations are presented in fig.
9. User request 20 Mbit/s channels, inter-arrival times are
exponentially distributed (generated by a Poisson process) and
the simulations are performed with different packet sizes. If
25 the full capacity of the channel cannot be allocated, the
request 1is rejected and tokens are returned to the token
server. Packet sizes vary from 4 Mbyte to 4 kbyte, at which

point we begin to see throughput degradation.

Throughput degradation may occur if processing capacity in

30 nodes or control channel capacity is too small. The server
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schenme. The bandwi dth of the bus is divided into 125 [err]s

cycles, which in turn are divided into 64-bit tinme slots (or slots
for short) as illustrated in fig. 2. The nunber of slots in a cycle
t hus depends on the network's bit-rate; for 20 instance, on a 6.4 Ghit/s

net wor k t hewe sapg4smappr oxi mat el y 1 0 slots per cydicqrsesemirae  The
slots are divided into two groups, control slots and data sl ots.
Control slots are used to carry nessages for the net work' s

internal op c g an y S I.shpent and
bandw dt h rgg oc?ﬁ %?\Aé m%g%g‘tig ?ﬂ%c? é’géggg' ?ﬁé r%%%% elé ﬁﬂans =UG8er
data and ar eomiainihgr postesl hyessuoges start grﬁﬁﬂ:ﬁ@hﬁeﬂem@t kT At rol

| nt er nedi at e nodes are nodes between t he squrce and desti nati on.

In each net WGKENSoFEPERELRE| UnusAd(EaRAF T |14 NderRdpzs the Jphroughpyts

the access tyq agkgt s and perforns network managenent operati ons,
such as network Start-up and error

5 In the 4 kbyte per channel simulations, the control capacity is
the limiting factor and if more contrxol slots (signaling
capacity) are added, 4 kbyte and even smaller packets can be

more efficiently supported.

The next set of curves in fig. 10 show how the slot reuse
10 mechanism improves the performance of the system. Throughput
increases by almost a factor of two before any significant
number of channels are zrejected. The uniform ~source and
destination distributions of channels limits the amount of
increased capacity gained by slot reuse. It has been shown that
15 if the source and destinations are generated evenly, as we do,
throughput may be doubled on a dual bus. In the simulations it
may also be seen that beyond an offered load of 2.5 we may
actually get throughput higher than 2.0. This level of
throughput, however, can not be reached without some éhannels
20 Dbeing rejected. The channels with the highest probability of
being rejected are the ones that use many slots or segments.
Therefore the system “filters” less greedy user requests and
throws away the rest. This is normally not an acceptable
behavior and we therefore do not investigate this any further;
25  Throughput degradation occur at an offered load of 1 with the 4
kbyte transfers. Even if enough resources were available in the
token server it is not possible to establish and destroy
channels fast enough as the control channel is congested.
Further is. also seen a throughput degradation of the 8 kbyte

30 gsimulations at an offered load of 1.8, for the same reason.
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recovery. The main tasks of the node controller are to create and
term nate channels on demand from users, and to manage net wor k
resources in response to user requests and in the 35 background.

11 Control slots are used exclusively for nmessages between node

controll ers.

me@svdBtse control l er has wite2perm ssion to atPCT/SE60IHY 45t

one control slot in each cycle that it uses to broadcast contr ol
nessages down-streans to ot her nodes. Since wite

10

15

20

25

It may be concluded from the simuladtions in fig. 10 that the
slot reuse mechanism almost doubles the system throughput with
only minor changes to the centralized token protocol as long as
the control and server processing capacity is not a bottleneck.
From the curves it can also be unexpectedly seen that access
delay actually decrease when the load increase from 0.1 to 0.5.
This is a result of how slots are assigned to a channel and not
from a faster token request procedure. The time for it takes to

request tokens from the server is strictly increasing.

When comparing the DTM performance in £ig. 10 and the
theoretical values in fig. 8 it is seen that even short bursts

{a few milliseconds duration) can be supported efficiently.

When a single token server is used, each channel establishment
first requires a token to be regquested frxrom the serverlbefore
the node can establish the channel. If the length of the bus is
increased the token regquest will take a longer time and may
therefore also limit the throughput and increase the access

delay.

In fig. 11 is shown the result from simulations, in which the
length of the bus is increased from 100 to 1000 km (node to
node distance is now 50 ps). Both access delay and throughput

are now limited by the round-trip latency to the token server.

Access delay in.this.case depends on the distance to servers,
but is independent of the transfer size. Utilization depends
strongly on the transfer size as the establishment phase may be
amortized over a long data transfer phase. Channels
transferring large amounts of information such as 256 kbyte
with a duration of one tenth of a second are still efficiently

supported when the bus length is 1000 km.
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5 access to control slots is exclusive, the node controller al ways

has access to its control slots, regardl ess of other nodes and
network | oad. The nunber of control slots a node uses nmay vary
during network operation. The network is not restricted to a

dual - bus, bWyoWRAsdie 10 realized by other kind of struciutescefad- 2
ring structure with an arbitrary nufiber of nodes. The transm ssion
medi a can . besides to optical fibers be coaxial cables or any other

hi gh bandw dt transm ssiqn di a. Hereafter the | transiyi ssion,

Tedta a1 beOFUREr APy Atz FChsn anAder RS BEKGRRhUTEIATLCS. ¢ iepgs
DTM dual bus joist Iad ogh |45 16hI &k : rels
cycl es which ?ﬁyt€§ﬁ£g§2%GF%igggyiﬁ?gyg%¥%??%tﬁﬁggg iﬁ&6&%ﬁ%ﬁ%§ r%%%gkﬁ t
i nvention i s tbeireswn copened Blimnnelsor Floki t heuse is t hdse vasimpde hAnd

20 Pr nci pl esSFRTCSuEe RBRABERBNPSrYar | A% 3kdn Sharionbhes  okeds to
5 choose from when trying to satisfy a user request. The server

may also implement other policy related functions such as

admission control and fairness. The fragmentation of the free

token pocl in the server is normally very modest, resulting in

very few connection establishment messages pexr channel even for

10 high capacity user requests.

There are also drawbacks. A user that frequently establishes
and destroys channels may introduce excessive signaling by
always returning tokens after use, but then requesting the
tokens again within a short time period. The processing
15 capacity of the server node may get overloaded if there are
many nodes on the bus or if the average packet size is very
small. If the media length is very large relative to the
product of bit-period, bits-per-packet and media velocity the
round trip time to the server may alsc limit performance.
20 Finally the server node contains state information that all

nodes depend on to create channels. A server node failure may

therefore affect all the nodes.

In next section the properties of a fully distributed token

manager are simulated and investigated.

25 When evaluating the performance of the distributed token
manager with slot reuse and defragmentation the same traffic
and parameters are used as in the case of a central token
manager, but with a policy whereby requests are accepted if 50%

of the requested capacity can be allocated.

This Sheet Has

U



wi |l be described below. The majority of the slots in a cycle are
data slots. Access to data slots changes over tine, according to
traffic. demands. Wite access to slots is controlled by slot
t okens (or tokens for short). A node 25 controller may wite data into a
slot only if itWwos4she correspondi n@1t oken. The t ok®aTSESDLEY|
guar antees the sl ot access to be conflict free, which nmeans that
several nodes-do not wite data into the sane slot, Cont r ol

nessages for chafelredtiakl bragefite@ninbapgWi t hare Bfbn eathed CHEARLGRT kdith
sets of slots or tokens as paraneters. However, a control nessage

is 64 bits and Pt FeuSEor @ Auddy distrihyted; token MABABEE. Ftditamasspges
This means that gdsds38h _now ' BAUES! Sedbdcdbge NANIRLELN 'Sl elana !t tne

may be necessary everal control “nessages to creat’e
channel . Thi s defrdgmentattioneschemea axYkrsaodesahased chassame SprprEssing

capacity. capacity and the processing load is much lower than what the
servers in fig. 10 receive. The dependencies between nodes are
also much smaller resulting in a higher degree of rsliability.
The system performs better than any system not providing slot
reuse but not as good as the centralized system described

10 earlier.

When comparing the performance of this configuration and the
centralized token manager in fig. 10, one sees that blocking is
higher and soﬁe requests may be blocked at much lower load in

the distributed implementation.

15 Cne result not expected was that performance actually decreased
when the packet size was increased! After checking the results
again it was founded that a large average transfer size results
in less movement of tokens and that the status information
actually gives an even ‘worse view of .free resources in the

20 network than for short transfers. In this case, a request is
rejected if we do not think we will find any resources. This
mechanism was introduced to avoid wasting control capacity when

resources was exhausted.

The reason for tﬁis is that the status messages only describe
25 “global” tokens covering all segments on the bus. A globél
token may be used by any node and is the only type of token in
a DTM system without slot reuse. At a load higher than 1.00 a
large number of tokens are segmented and the reuse scheme needs
them on them being used by new requests. Therefore, the status

30 message mechanism which is used, that was developed for a
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12 We are considering several nmechanisns to decrease the anount

of information that needs to be sent during channel creation and
token reallocation. The first optimzation in token
managenent is to introduce bl ock tokens. A bl ock token is 5

transf err eqyd §yass N9l € control nessage gpd represents a QFQMQ%,M.M of
t okens, but can only be used for particu gr conbi nations 0O t okens.

For instance, in the sinmulator a block token is denoted by a

sl ot nunmber and an Qff{set giving the nunber, qf . Gcantiguouys slots in
the group. SYRESH &ELPBEe%eBﬁFi'mlfat]il&’rted ifo s *Hat%"t e YR KR$¥ pool

is not fragppRhedts NEPndNBlée capacity, and can it the worst case result
in higher blocking.

The throughput and access delay of the distributed token
S manager with bus lengths from 1 km to 1000 km is presented in
fig. 13. A small 16 kbyte packet is sent between establishment
and tear-down of the channel, for large packets (100’s of
kbytes) the throughput performance of the system is much less
affected of the bus length. The 1 km and 100 km busses give
10 about the same throughput and access delay results as the 10 km
bus because the latency introduced by using a 125 ps cycle
dominates over the time of flight latency in the system. For
the 1000 km long bus one see that the access delay is found to
be much shorter than in the 1000 km system using a centralized
15 token server, especially at low load are tokens found very
close to where the user request arrived and delay is about the
same for all systems. Even at very high load the access delay

is about 1 millisecond shorter than in the system with the

centralized sexrver.

20 The centralized token manager system will have the same
performance almost independently of the traffic as long as
processing and signaling are sufficient. To evaluate the
distributed system two other traffic generators were used.
First, we used a generator that simulate user requests arriving

25 in bursts. When a request arrives we defined a new request to
arrive with 90 % probability after 200 ps. The result is that a
burst of regquests arrives to a node and forces high temporal
locality of the source addresses. Second, to generate traffic

more similar to client-server behavior the amount of traffic
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pieces. This will be referred to as fragnentation of the t oken
pool. The token protocol guarantees that a data slot can never be

used by two nodes sinultaneously on the bus. Sonetinmes this 15
protocol is too conservative. Fig. 3 shows an exanple of how t hree
tokens (A B, wown@usare reserved for threegghannels. PANSID& 01T
connected by bus segnents and channels typically use a subset of the
segnents on the bus (gray color) and the rest are reserved (mhite

color) but | eféf%ﬁ{l{%@dvfé@@ EPH?e!@é&'&grﬁ se7VeNALELs 6o 8,080, RE LT

alternative is channe reserve capacity t%e segrent s
bet ween the seriserpmibdbility ofha smwdemnhhéoﬂxmm]sd llughgr 4. A
single slot may in this case be used nultiple times on the bus.

Channel D and E ar.e ng th | ot s channel, A and but on
Gitorent O tignadras PreRfutfd FRrEhchent; 3R SCRKS dsted Pertgrpance

reuse egpbi s di'é@i‘l%ﬁgauﬁokéﬁm @YStekR. the same slot over
di sjointed segnents of the b

5 It is clear that the distributed implementation have several
benefits but also drawbacks compared to the centralized token
server. The nodes may share the processing load, there is less
need for high-performance token servers, redundancy may be
higher and access delay may'.be shorter for 1low capacity

10 regquest. The drawbacks is higher blocking for an inflexible
user which may therefore need to retry several times to gain
access to necessary resources. It is also clear that the status
message and status table mechanism must be changed to avoid

unnecessary blocking when slot reuse is allowed.

15 When the 1load increases above a certain point, it gets
difficult to find free tokens, blocking becomes significant and
utilization only increases marginally with load. The degree of
blocking at a given load depends mainly on the minimum capacity
requirement of user requests. The lower the minimum capacity,

20 the higher the probability that the node will be able to
satisfy the reguest. Furthermore, in these simulations only one
round of token requests is sent out for each user request.
Utilization can be increased by making several rounds (i.e.,

using retry), at the expense of longer access delay.

25 Assuming that  the above waiting times are independent, the
average medium access delay, if having a single control slot

and if the network is lightly loaded, meaning that borrow is
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reuse is a general nmethod to better utilize shared |inks I n

Sl ot

ring and bus networks. The slot reuse algorithnms in DQDB 30

(Di stributed Queue Dual Bus), Sinple and CRMA (Cycelic
Reservation Miultiple Access) depend on control information in t he
sl ot s. Buf f Qo oshiagrtion networks when _conbined W th peysEo601749

destination
i ndi vi dual
i ncom ng packet stream through an el astic buffer.

13

10

i5

20

25

release as in METARING may 3teuse capacity of
| i nks and resol ve eventual contention by del ayi ng 35 the

infrequent, will result in an average access delay around 125

us (a single cycle).

In addition, dué to fragmentation it may take many control
messages to establish .a channel, which adds even further to the
load of the control channel, and thereby the access delay. In
fact, without an efficient defragmentation scheme fragmentation

is the dominating contributor to access delay in the

simulations.

A consequence of DIM’s slot reallocation mechanism is that it
takes longer time to establish channels that need high
bandwidth. This trade-off might be justified: the type of
traffic that needs short medium access delay is usually less
sensitive to the amount of bandwidth allocated £for the
transfer, and such traffic therefore can be accepted without
much involvement of the reallocation pi'otocol. For transfers
that require high bandwidth, the access delay will be much
longer and will almost always involve the reallocation
protocol.. However, in general high bandwidth transfers will

probably be less sensitive to access delay.

These simulations have shown that the DIM fast circuit
switching protocol performs well in a dual-bus shared media
environment. Two slot (token) management schemes are analyzed
and both perform well and can benefit from slot reuse. The
centralized scheme performs closest to the ideal protocol and
also result in a simple implementation. The distributed system
is more sensitive to user behavior and must therefor rely on
status information that is broadcast frequently and on the
defragmentation method and arrangement according to the

invention to decrease the number of control messages needed for
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Wth slot reuse, the access schene conplexity is increased, regardl ess
of whether it is done in hardware as in DQDB, Sinple, and CRVA; or in
software, as in DTM \Wen i npl enent ed in systens other than DIM
slot reuse also adds conplex 5 hardware to the critical high-speed path
through a now®%AeR4s therefore increases §ge node del ay. PCTSEISBITHDW S| ot

reuse in DTM the bl ock token format is according to the invention
extended to-include paraneters descri bing the segnent(s) it is
representing. o ?;EZeiOk &Bﬂf&%ﬁ@rw péxQ&OCQioéo kéafiééh@fcﬁpr di i dP (e
I nventi on nodi to av0|d conflicts in | ot nunber dinensi‘on as

wel | as the sdgfieagmentariironmethod h@nldnsarraqwteant s uikphg orbusseshatheo
har dwar e changes to r.i naI rototy e J Ienentatio wher e al | owed
or needed. ?ﬁErﬁﬁ??%érﬂﬂéég gb e%ﬁ%ﬁ)é%ffbggéP%%r %%EUE§PtEGi ﬂ%@
15 source andpdgsii pebdgdy-Ray rfggarselyné,f,@rlrg)y al §E§b@f@@%&r¢ad&ﬂént s9§€£‘m
shown that throughput nay be incCreased by a factor of

5 that combines the centralized and the distributed models using

a small set of token server nodes is also possible.

Furthermore, connection establishment overhead can be designed
to be very small, resulting in high utilization even for small
(a few kbytes) transfers. Access delay is found to be a few
10 hundred microseconds even at high load. The slot reuse method
can increase performance by a factor of two without introducing
any extra hardware in the nodes. Using the slot reuse scheme it
is even more important to use the defragmentation method and
arrangement according to the invention as fragmentation may

is occur in both slot and segment dimensions.

————

—_—
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two. The performance gain n ' igher in other network desi gns;
e.g. in a double ring sf““ﬁ ;uu i Eiﬂ Ece and desti nation nodes
uni formy distributed .thm s O increased by a factor of

four. Having nonuniformy i stributed source and destination nodes
the gain may no swiasys hi gher . The pot I al drawback o se in
a DTM net wor k, however, is the higher al §%£| t hm conpl exi.t%c";l'z’%%%m{?ﬁéj
eventually 25 higher |oad on the node controller and signaling channels
(especially if the average channel duratiagnp iIs‘Fshort). Two token
managenent schenmes have been eval uat ed. THEIHS, st and sinplest is to

|l et a single node controller manage all free tokens for one fiber.

This sort of cantrml defdageemtatidn neediod SfdPaindkefsdetit Usedehs %W%ES?E
such as CRVA, where | the head-end node distributes the fiber capacity To

al | other nedesk s ffil K& wWeRkehf Agurtde saodemit of or2 eREM flilywmamac

Synchronous Iransfer Mode) network characterized in
5 - that a home node is defined for each token at network startup
or during network operation in such way that the tokens sharing
the same home node will define at least partly a cont:inuoué slot
range,
- that free tokens are sent back to their respective home node
10 when a significant time has passed and,
- that two or more slot-consecutive tokens are merged into a

single token when existing in the free pool of a node.

2. A  defragmentation method according to claim 1,
characterized in that a single home node is defined
is for all the tokens at network startup or during network

operation.

3. A defragmentation method according to claim 1,
characterized in that all nodes are defined as home
nodes among which the tokens are distributed at network startup

20 or during network operation.

4. A  defragmentation method according to <claim 1,
characterized in that a set of nodes are defined as
home nodes among which the tokens are distributed at network

startup or during network operation.

25 5. A defragmentation method according to one of the claims 1-4,

characterized 1in that tokens can be reallocated to new

home nodes during network operation.

_—
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node one third of the di stance fromthe slot generator was t oken server

(with 100 nodes on a H mmamﬁm,m7 will be 35 token servers). This
corresponds to the m

14 for each of the two unidiréctfonal fibers such that a token
manager w | IWQaV28#he sane anount of trafff£ on both si desPCT/SEIAMA tine a
user request arrives at a node, the node first requests tokens fromthe

manager and then | ocks them
6. A defragmentation method according to one of the claims 1-5,

characterized in that the free tokens are sent back to
their respective home node when they have been idle for a

significant time.

5 7. A defragmentation method according to one of the claims 1-S,
characterized 4in that the free tokens are sent back to
their respective home node when they have not been at their

respective home node for a significant time, a so called last
home time.

10 8. A defragmentation method according to one of the claims 1-5,
characterized in that the free tokens are sent back to

their respective home node after a significant number of signal

transters.

9. A defragmentation method according to one of the claims 1-8,
15 characterized in that vhen a node get a ltoken request
from a local user or a remote user a token is picked from the
free token pool of a node using a best-fit algorithm, in which
the token with smallest number of slots that fulfill the

requested capacity is chosen.

20 10. A defragmentation method according to one of the claims 1-8,
characterized in that when a node needs to request a
token from other nodes and no token that fulfill the requested

capacity exists the number of tokens that are prerequisited is

minimized.

25 11i. A defragmentation method according to one of the claims 1-
10, characterized in that it is combined with a slot
reuse method in which |
- the DTM block token format is extended to include parameters

describing the segment (s) between source and destination node, .
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5 throughout the channel life tine Wien the user issues a
request to di sconnect 't ll Hw IMH kens are returned to t he manager

i medi ately. Al reque uring the t oken request and
accesses are serialized throug t he central manager. 10 The

di stributed wioakgsses manager S fundaneggally nmor e CRireEmbad t han
the centrali zed. W tried to keep it as sinple as possible. I n
our nethod . each node regularly broadcasts status information about

how many free tok§ns it as. The other nodes store this information in
their status 15 8| BLOCk AL FIRAciYh AreBrRESERA Y hdilie Segment (s)

status t abl gerdhden AR aﬁao&sm&loroﬁlgo%t&\%request sl ot s. The

protocol on the initiating side works as en a user request
arrives to a nodéimultaneous t¥answidsibas sof fthei eaey simty dveee disfelfitéd

satisfy 20 tsggmern sft th'etng ngrataerse te?lgbiggyested amount of slots to

5 12. A defragmentation method according to claims 11,
characterized in that two or more segment-consecutive
tokens the same slot range are merged into a single token when

existing in the free pool of a node.

13. A defragmentation method according to claim 11,
10 characterized in that two or more slot-consecutive
tokens representing the same segment range are merged into a

single token when existing in the free pool of a node.

14. A  defragmentation method according to claim 13,
characterized in that two segment-consecutive tokens,
15 representing at least partly the same slot range and existing in
the free pool o©of a node, are splitted to obtain segment-
consecutive tbkens representing the same slot range, which are

merged into a single token.

15. A defragmentation method according to one of the claims 11-
20 14, characterized in that when a ncde get a token
request from a local user or a remote user a token is picked
from the token pool using a best-fit algorithm in slot number
and segment number dimensions, in which algorithm the token with
smallest area in the tcken map or lowest cost function that

25 fulfill the requested capacity is chosén.

16. A defragmentation method according to one of the claims 11-
14, characterized in that when a node needs to request

a token from other nodes and no token that fulfill the requested

T




the user, and starts th nding a channel est abl i shnment
nessage to the desti n % then transmtting data using

the reserved sl ots. he node marks its avail abl e tokens as

bei ng 25 reserved, and t hen checks its status table: if the total
amount of frweEMEns in the network is nojg enough to POT/SEDEHYTAY t he
request, then the request is rejected (bl ocked). O herw se the
node requests tokens from nodes wi th unused capacity. 30 | f one
of these nodegdaRqelVieRdstst EKE MERGAESSE deeéex{ptthac areh%%réaﬁléﬂﬂde%tsed
anount of free’"slotS, it still gives away all of t slots it has

I n any case, m:tnmnesl a response back to the requestl ng node. A

node fulfills i ncom ng requests in strict FlIFO order.
17. A defragmentation arrangement £for increasement of the

average block size of free tokens in the nodes of a DTM (Dynamic
5 Synchronous Iransfer Mode) network characterized in
that it comprises
- home nodes for which tokens are defined in such way that the
tokens sharing the same home node are defining at least partly a
continuous slot range,
10 - nodes arranged to send back free tokens to their respective
home node when a significant time has passed and,

- nodes arranged to merge two or more free slot-consecutive

tokens into a single token.

i



15 When a node receives a response to a token request, it

marks the slots it receives in the response (if any) as bei ng
reserved. Wen the node has received responses to all requests it
has sent, it either starts the channels or

rejects the_user Fﬁ gest
dependi ng on whebhmsasor not it has a 3%d suf fi ci ent PEREE® '9
the user request is rejected, the re slots are narked as free
. agai n. At startup all free

re evenly di stributgd anong the

;netmork nodes and each node takes ab—l ast one of its free
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4
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10 tokens, noves it (then) to the active state and declares it (them

to be a control slot. User requests my now be accepted and
t okens can be noved between nodes on demand. A weakness with this
schene is that slot reallocation is only ~gger ed by us
user request sW2?¥4#t ayed by 15 pendi ng %}éﬁ?real I ocat|o%‘:'l"s(ig'%ei%9
optim zation we have I npl emented to renedy this is to also perform
sl ot reall ocat - ion in the background. This results in |ess
need to real |l ocate tokens for small to nmedium sized requests. The
pool of free tokens may be distributed in other ways than 20 evenly to
I ncrease real l ocation success rate and utilization. If fewer nodes are
managi ng t he pool, channel bl ocking decreases as a result of a | ower
probability of token real | ocation failure. The conplete token
pool is in this case distributed
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25 proportionally (nodes close to the slot generator get nore t okens

than nodes far away fromit) anong all nodes. Token transfers may
occur between any pair of nodes instead of al ways involving the
server node. Wien the |local node nt,ajns enough tokens to
fulfill an arriYﬂqaazﬁ%%r request, 30 the re%ﬁgéf y be acceptREa/SEPE/01049t
any token reallocation. Furthernore, as long as the arriving user
requests are wvell mat ched to the pool distribution no reallocation wll
ever be necessary. i . 16
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Several questions need to be answered before deciding howto di stribute
the token pool. The followng issues are addr essed: 1.
When | ocal resources in the node are not enough to satisfy 5 a user
request, which other node should be asked for t okens? 2. |If
a node asks WP ¥8&hs from several nodes, vlr?any t AR 745
going to ask for and should the node reject the channel if it
receives a fraction of the requested 10 capacity? 3. If tokens nove
freely anong the nodes, w |l _the token pool be fragoented jnto snall
pi eces and render the bl 6ck token optim zation scheme usel ess?
St at us nessages were deqiéi(;d t‘blké‘fryumto distribute J
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15 informati on about the pool of free tokens.. Status nessage

information is used to hel p a node choose a suitabl e node when aski ng
for nore resources. This nethod addréesses the first guesti on above.
Qur schenme works as follows. Each node re broadcasts 20 status
i nformati on abQ9Md#5nany free tokens it / ot her PAHEEN/OL4Y o
this information in their status tables. node that wants nore
capacity consults its status table to deC|de from whi ch node to request
sl ot s. The broadcast ed state informati on gives an approxi mate and
dated view of the 25 current state of token information, so token requests
may be rej ected because they were sent to nodes that no | onger have
tokens to give away. Status tables are "soft"” information in the sense
that the systemw Il work even if they are out of date or not 30
avai | abl e.
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They shoul d, however, inprove the success rate of reallocation

pr ocedur es. When conparing basic performance of the centralized (fig.
9) and the distributed (fig. 12) token nanager we see that there
17 is._a _new type of rejectiong t is frequent in the
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di stri buted versi on when resources are stil
A node uses the status table to pick node(s)

t okens. \When the request

request ed may WR9%2843r ned to the requestin

unused in the

fromwhich to
reaches the target node the

avai |l abl e capacity may have changed and a gpualler

I’e.SU?[’;(,]E12

ope;

system
5 request

anount of
anount than
r esBET/SERGOITHY o

user rejection. Thi s behavi or I'n even nore unnecessary
t oken novenent 10 and therefore also increases the probability of other
nodes recei ving feqer t han requested tokens. The tokens that are
noved in this case are als Iocked and unused durlng'the ! transfar.
If the pool 1is dlstrlbu ortionately anong FRsit
nunber (100's) of nodes, erage pool size _&fdr be
relatively small. Wen bQF Io hlgh the nunber ot free i
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tokens in pools decreases even further.
destroy channels at a very high rate,

| f nodes also c
t he anmobunt of free

reate

and

capacity in

i ndi vi dual nodes junps between having a small 20 amount  of capacity and
havi ng none. Now, if the average C ity requested b user is
| ar ge conpar &¥0 9W2484%e nunber of frg} t beens of a nod&CTE BW nodes
need to be asked to fulfill the request. At this point the
probability-that one of _the requested nodeg. _does pot any
free capacity 25 increasdgs, Ieadlng to a user reJectlon AﬁﬂfThere are
several ways to address t@ 5 BHek kMt hout goi ng vYomardsq
centralized nodel. First, \e qpg4pet -gl.ve anay any ots at aII “hen
t he conpl et e request caqmg beogg g LMl filled. 30 i's protocok -
applies if only a single ncde |§4qﬁked,jor free t okens but if seleral
nodes are asked it may talll regyhdg in.. t oken ei ng noved or | ogked
unused. Second, if after a toke@skg ....... )
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request, we receive fewer tokens than we requested we may sinmply

retry the token request procedure several tinmes. This 35 will increase
the probability of accepting a user request and

18 t hat received tokens will be used. t of retry will be

i ncreased si gnaosmpdsasd i ncreased access de@/féznd it may PCHERWOH4?

performance in an overl oaded network. Also user retry I ntroduces | onger
set-up delay for requests that are retried. 5 Third, the user nmay sonetines

want to accept a channel wjtpfp——dtpss—thar—eguest-etreapaetty—tnsteat—o;
bei ng rejected. '
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I f, for exanpl e, a user receives 50% of the requested he may want to

accept. In fig. 5 throughput, which is the ratio bet ween transported
user data and total nunber of bits 10 transmitted by the fibers, and access
del ay, which is the tine fromthe arrivgl -of user request to the
sendi ng of theWQ97845 data of the requesta]‘@/{rl nmal | (16 kbyFHFENOLA?
requests with various m ni mum acceptabl e capacities [100% (40 slots),
50% (20 slots), and 5% (1 slot)] are plotted versus offered | oad. 15 A
| ower average m ni num acceptabl e bandwidth will result in hi gher
t hroughput. In fig. 6 i s &SowWT THe perfornmance that © resultS if user
(requesting a 16 kbyte dataltr ) retries up to 8 tines before tlhe
request finally is bl ocke® [ zatton increases (and blocking ..
decreases) at the cost of 20 nor giial'i ng and | onger delay. _Ret+yind a
| ar ge nunber of ti mes1ifcou piréductive if it happens=fre, Y
Clearly the benefits of a flexib kEser I equest pol i ch.-s’ —" i
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| ower probability of being rejected and higher overall

t hr oughput . Ei ther of the configurations present ed in fig. 525 and fig.
6 may be decided at arrival tinme of a request. user that has strict
demands on the_capacity for a channel nmay m until enou h capacity is
al | ocated, but 248F  may rat her acceptl nel with | ’?"??é’ﬁ"t‘%e
request ed anount. For the rest of the sinulations presented here the
m ni nrum 30 actceptabl e bandwi dth is defined to be 50% of the requested
capacity. In the general case. the average nunber of configuous free
bl ocks in a node is snall, “due to the random novenent of tokens and
the varying capacity o{su;er S { §rfouest . This 35 fragnentation |
renders the bl ock token opti {r zat-‘bq&npr.a.at ically usel ess, and t he
access.delay is relativelyg Ll 03¢0 km -
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19 (mlliseconds) for high capacity channels. To meke bl ock

allocation efficient it is necessary to reduce fragnentation of free
t okens, otherw se fragnentation will be by far the mai n contributor to
access delay for high bandw dth channel s SWrate to high | oad. Low
capacity chanNeQ ¥/2$45| al nost al ways h very shor FCI/EEPaMHA?
establishment del ay | ndependent of the current amount of fragnentation.
In the case of slot reuse, the fragnentation problemis even worse,
as fragnmentation may occuy in both slot (time) and segment 10 (space)
dinmensions (see fig. 4) T |This is in the centralized server versidn a
particul ar application qf_at he gener al dyr:lgmac R
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stdrage-al |l ocati on_pr’ em In the distributed toke nager .. nost,of ..
the fragnentation is result of using many free pool (one’for each:”
node). Two free adjacent tokens can only nerge 15 if they are: found ii"tRe 3
same node. A distributed scheme that tries to avoid fragihentation®ff °*°
possi bl e and i ncreases the average bl ock size of free tokens in the
nodes has JEFRAGNENTAEION METHOD CAND NERRANGEMENT bot h wi th and w t hout
slot reuse. 20 The schenme works as foll ows: 1. Define a hone node for
each token at network startup and distribute tokens in such a way so

t okens sharing the sa one node will always define a continuous
sl ot rangel ECHRGAL FIELPé@EI?§E|%N%EN§F@§ average token area in the token

ap 25 fﬁ“wggégenkglnventlon relates to a defragmentation method and

5 arrangement for increasement of the average block size of free
‘tokens in the nodes of a DTM (Dynamic Synchronous Transfer

Mode) network.

DESCRIPTION OF RELATED ART

10 New high-capacity communication networks and protocols are
. constantly being developed by the communications industry and
.. academia. This development change frequently and new results
are important to application developers who integrate real-
time audio, video, and asynchronous communication services

15 into applications. The applications can be found on a wide
range of network access terminals. Terminals act as network
hosts and may be almost any electronic device, including small
pocket telephones or television sets, multi-media work
stations, and million-dollar supercomputers. Hosts differ by

20 orders of magnitude in their needs for processing power, and
in their communication services requirements. These disparate
needs are currently reflected in a set of independent network

classes. Each network class is optimized for its particular

" traffic and applications: Cable Television networks use
25 unidirgctional broadcast networks where the capacity is
divided into fixedsized ‘subchannels carrying - video. A

telephone network uses only 64 _kbit/s' duplex circuits with
guaranteed throughput and tightly controlled delay variations.
Computer networks, such as the Internet, allow a large number

30 of parallel network sessions by use of connectionless packet
switching. They also wuse stdtistical multipleking to
efficiently wutilize links. A backbone network for mobile
systems needs extra control (or signaling) capacity to
dynamically track all active terminals. '
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2. Mhen-two sl ot-con Utive tokens with the sane | ot or

segnent range exist-"i he free pool nerge theminto a- singlle fokeh,.-
(sonetinmes a recursive split and nerge operation is ngedéd)?*: 3 .
When doing a nerge always prioritize 30 - segnent nerge before a°*slot** **
nunber nerge. (The reason for his is that tokens spanning over just

a few Segmﬁfﬁiéﬁﬁis w%d?|§§§cﬂ§ﬁﬁubft g%hﬁ%%ﬂlﬁ#?Séﬁ@%&iﬁ&eﬂédﬁpaﬁﬂbn&o

over many segnent - consecutive tokens representl n '
| tast part lbe taﬂéglgﬁﬁ*éeél én r%eféﬁarém st ngSi AnfeasiklE 350 q']é’

node, are spldddtednk@,0bsahat $RITEYISMSHBLCHItMDOrks and a new terminal
interface for each new type of service. Instead, an

5 integrated services network supporting existing and new
services needs to be deployed. The overall goals for such a

network are scalability to global size and maximum sharing of

expen51ve network components to minimize cost. Optical
transmission technology has been shown to provide the

10 necessary link capacity  at a 1low enough price to make

integrated services networks a realistic solution.

. A new integrated optical network with much higher capacity
" will, however, introduce new problems not seen in today's more
specialized and lower -performance networks. First, when

15 network capacity increases and the information flight latency
remains limited by the speed of 1light, the increasing

bandwidth delay product will put higher demand on mechanisms

that isolate a user's traffic from third-party network

traffic. A telephone session, for example, should not be
20 affected by another wuser opening a high-capacity video
channel. Second, applications and protocols will need to

operate reliably with an increasing amount of information in
transit to benefit from the increased network capacity. This
will 1lead to larger burst and transaction sizes in the

' 25 network.

Current networks using stateless packet switching protocols
such as the IP (Internet Protocol) have turned out to be
extremely scalable. They have evolved from small networks
connecting 3just a few DARPA (Defense Advanced Research
30 Projects Agency) research computers in the mid seventies to
the current global and ubiquitous Internet. Shared medium
LAN's (Local Area Networks) such'"as CSMA/CD (Carrier Sense
Multiple Access/Collision Detection, token ring and FDDI
(Fiber Distributed Data lnterface)'are used in the Internet as
35 simple building blocks connected by routers or bridges. The
combination of easy expansion, low incremental node cost and
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20 - ‘t okens repres'l ng the sane slfot range, whi c*re mer ged “-
into a single token. 3. When a node gets a token reqlUest fromthe lpcdl®

user or a renote user, pick a token fromthe token pool. u5|ng a’ best o
5 « fit algorithmin slot nunber and sggnent nunber dinension” “°° (sée
fig. 4). The value of a token is calculated as the ' area of a token

in the tokentgperafdeWad r yatidtPpi Glodd e has restuqltesrm Wik h difgp 1ssral Eeéklmea
that fulfill pacit f unct

Bed ge neq a8 rEBIEE b orksy, KIRYL ke sttt Mgl el 0vs SERsiRI8G:

segnents, appllioaatibanodf newotsiladdalsac atrioto cofl ss esgrodntass Thinodll et .on
.should be mnimzed, however, still fulfilling the request ed
capacity. ThAdeEUbam&ﬂﬁﬁahhal§ba§§du§@@meth% that iferfipicahkyn Bsrmgta

centralized LKENMBNEULle terminal to transmit at any time not utilizing
all network segments efficiently. A scheme allowing the
capacity of the medium to be reused may be designed, but this
is often at the cost of complexity in the high-speed access
control hardware. = Access control mechanisms for a shared
10 medium also depend stfongly on the size of the network and are
usually efficient only for locai area environments.

. The two main types of network are connection oriented circuit-
switched networks used for telephony, and connectionless
packet-switched networks exemplified by'the Internet. When a

15 circuit-switched network is used for data communication,
circuits need to remain open between bursts of'information,
wasting network capacity. This problem arises because circuit
management operations are slow compared to dynamic variétions
in user demand. Another source of overhead in. circuit-

20 switched networks is the limitation of requiring symmetrical
duplex channels, which introduce 100% overhead when inform-
-ation flow 1is wunidirectional. This constraint also makes
multicasf_circuits difficult to implement and inefficient. A
connectionless packet-switched network, ~on the other ‘hand,

‘. 25 lacks resource reservation and must add header information  to
each message before transmission. Furthermore, latency in a
connectionless packet-switched network cannot be accurately
predicted and packets may even  be lbst due to buffer overflow
or corrupted headers. The latter two factors make real-time

30 service difficult to support. Congestion avoidance mechanisms
can isolate traffic streams of different users. These schemes
are, however, limited to operating’on a time scale cdmparable
to the round-trip packet delay. ' '

To address the problems mentioned above, the communications
35 industry is focusing on the development of ATM (Asynchronous

Transfer Mode). ATM—hasmbeemmpnapgsed for LAN's and many
REPLACE bibwT & ‘w-T
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15 4. Wien a node needylko request tokens fromother n S it .~ does, .,
not ask for small chun fromseveral nodes if it is - possibl & tolask’ ..’
for larger chunks from fewer nodes. The status tables pravidé thiss 3
i nformati on. Transfer of tokens is therefore nmore efficirént, *and’
t here are fewer establi shrrent4rressages and | ess fragnentation.

0. Free tm(?ﬂ%u?%e [?8]5‘1198‘ i Qe n%QZST'IV"h?@n%@?ﬁab@&ﬁa@eeﬂalegraphd'a‘hd

“for a5|gn| I cant tine or ter alongtrans er. his schene returns

tokens to "HEeAePhedGeLonrsal ipliye Committegde akRe p‘?‘é‘BﬁB?le iy that Peweised

consecut | VeaE;Ok%% C%&ah%f%’é matgedara t B fBegshist (Biicelbdecr ea&%%grated
fragmentatign. ode "graVB y" t oo str€k§ t he schene w
[

result in SeF§§§e§har-Di-1rﬁ)”cﬂ r e¥BEFREK) and e} gR&afi n(j:onnler‘:tljtoq s
too weak,s braemeridat aad wektab3tishl & ergianreer ghissm as Thkedrcuitgsawitiohed

may be Change% d%ﬂéﬁ’%&@ BBSratH¥1(¥l§£§L§P§ed packets called cells for
' information transfer. The packet-switched nature of ATM means
that the network needs to have new mechanisms such as buffer

resource managers and link schedulers to establish real-time

10 guarantees for a connection, i.e. virtual channel/path.

Another solution for providing real-time guarantees centers on

' a circuit-switched network and must therefore address circuit-
. switching concerns such as described above. A new shared-
medium control protocol -is also employed, and so have common

15 shared-medium problems to be considered. This design, called

DTM (Dynamic Synchronous Transfer Mode), (see e.g. Christer

Bohm, Perl Lindgren, Lars Ramfelt, and Peter Sjédin, The DTM

Gigabit Network, Journal of High Speed Networks, 3(2):109-126,

1994 and Lars Gauffin, Lars Hakansson, and Bjérn Pehrson,

20 Multi-gigabit networking based on DTM, Computer Networks and

ISDN Systems, 24(2):119-139, April 1992) uses channels as the

communication abstraction. These channels differ from
telephony circuits in various ways. First, establishment
delay is short so that resources can be allocated/deallocated
‘. 25 dynamically as fast as user requirements change. Second, they
are simplex and so minimize overhead when the communication is
unidirectional. Third, they offer multiple bit-rates to

support large variations ~in . user capacity requirements.
Finally, they are multicast,' allowing any number of

30 deétinations.

DTM channels share many beneficial properties with circuits.
There is no transfer of control “information after channel
establishment, resulting in wvery high utilization of network

resources for large data transfers. ‘Support of real-time

35 traffic is natural; there is no need for policing, congestion

control or flow-control within the network. The control
REPLACEMERT SiRET
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30 Te eval uate the defrgmnentati on mechani smwe did angger set ..of .. ..
simulations. Three di f®rent sinulators [A B, C wer configured.. - ..°
Si mul ator A was configured to have no fragnent- ation:aft sinmulation "~". % |
start tinme and to use the defragnentati_on schene descri bed above. B’did*”
start with naxinun1fragnent- 35 ation Of the conplete resource pool. Al

IJ' ? 14 l

t okens in th

turned

ore t n h
on. cqmpkgxy, T@@rﬁg%@§mls§;gﬁs delay is negllglgg WEC amfggs é%an

125 ps) and there is no potential for data loss because of
puffer overflow as in ATM. Bit-error rates depend on the
5 underlying link technologies, and switches are simple and fast

due to strict reservation of resources at channel setup.

DTM can show good performance in areas where traditional
circuit-switched networks fall short: dynamic bandwidth
allocation, channel establishment delay, and as shared media

10 networks.

SUMMARY OF THE INVENTION

One of the major problems using DTM with block tokens,

especially with a distributed token manager, is fragmentation.

The average number of contiguous free time slots in a node of
15 a DTM network is small, due to the random movement of tokens
and the varying capacity of users request. This gives
relatively long access delays (in the millisecond region) for
high capacity channels, particularly at moderate to high load.

The object of the invention is to solve this fragmentation

20 problem. This is accomplished with a defragmentation method
'and arrangement for increasement of the average block size of
free tokens in the nodes of the DTM network.

The defragmentation according to the invention comprises
defining a home node for each token at network startup or
25 during network operafion in such way that the tokens sharing
the same home node will 'always define at least partly a
continuous slot range, sending back free tokens to home nodes
when a significant time has passed and, merging two or more
slot-consecutive tokens into a singie token when existing in

30 the free pool of a node.

The defragmentation method according to the invention avoids
the problem mentioned above. The method returns tokens to
their home nodes as a way to increase the probability that two

REPLACEMENT SHEET

08 JUN 1998

AMENDED SHEET




started-w thout usin ,'e def ragnent at r on mechani sm wih .,the.pool ,.
havi ng maxi num f ragneMat i on. In all cases slot >57Feuse wds furnéd och 7 "..°

and | oad was defined to be 80% In fig. ¥ is sh(;)vvn,l;he‘ access delay 4

a function of sinulated time for a 10 km network.»* Stmul ator C° St‘arteﬁ‘
with a |ong access delay and the Rl ay increased as the signaling

channel s

10 the defragnentati on nmec

coxl?gééﬂ’él%e%%ﬂ%d c%db@eﬁé%%%dq‘i%ueébeg d@f’és cét)é‘i“éf Ofn8 Hshod

anismstarts’just as ready

after 10 ‘ﬂmﬁls@@éﬁééseﬁh@régﬁfeaﬁétw&leess delay is bel ow 500

m cr oseconds. Lat when .one second of. si nul a{:ﬁgtpé}: n% :héédtlilg B

curve al mo&f ngﬂg ge wath (the dnyspdsion 13
si mul at or Bdakt an@e\mttﬂaautozﬁra/ d.ﬁstrﬂgxﬁreadatbhenatnaaﬂalgemeﬁm mimmg@ncﬁn

speed 950D of Agr1op TREhAL LSErER0c e WL AP St IoLke s el

def ragnentafi oaceesisanideiay eai by iolpiadnesl t hin actbses di@lsi;nrlbum ateken
mekes the plockehQKenseRERAL zati on meani ngful in the

10

15

20

25

30

35

Another advantage is that the new home nodes can be defined
for tokens during network operation.

Yet. another advantage is that the significant time can be
chosen in several ways: as an idle time, as a last home time
or after a significant number of signal transfers or as a
combination of these ways. The significant time has to be
chosen to optimize the performance; if the time is too short
the defragmentation method and arrangement will yield less
sharing of resources and if it is too long fragmentation will

.still be a problem.

Yet another advantage is an improved performance when combined
with a slot reuse method allowing data slots to be used for
simultaneous transmissions over disjointed segments of the
network. The defragmentation method and arrangement will then
be used in both slot and segment dimensions. The defragment-
ation method and arrangement according to the invention may
preferably prioritize merging segments before merging slots.

Advantageously, according to a first embodiment, a single home
node ‘is defined for all the tokens at network startup or

during network operation.

Preferably, according to a second embodiment, all nodes are
defined as home nodes among which the tokens are distributed
at network startup or during network operatlon

Advantageously, according to a thlrd embodiment, a set of
nodes are defined as home nodes among which the tokens are
distributed a't. network startup or during network operation.

Preferably, tokens can be reallocated to nhew, home nodes during
network operation. REPLAMFMLN‘; o
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20 distri-buted i npl ene tion. Tvvo' ki nds of perfor”uce measyr es.are of,

main interest: - util ™ation and access delay. Utili ion is the pOrtlbn

of the nominal network capacity that is actually used for data; .- * **17%
transfer, and is a neasure of the efficiency of the network. 25°AcCess o
delay is the tinme fromthe arrival of b user request to t he sendi ng of

the first dghgaglabRE.LegUesnanicild S @kens | At Allnaskee T05 NOHesr

wel | conputer ni ca 6n traffic can be supported’1 ere are

mai'n fact or sesRAELENEl udEte utRPde at WBANI n AW :ﬁ@Yﬁrsbeeéach%ﬁkaf%r "a

assi gned si gnghii g caaRagkie.in the form of control slots, which neans

that there aré fewer slots avai l abl e for data transfer on a bus with

many nodes, Pléf@ﬂablyflx%d:cdrldﬂﬁg Ct&paé;hbyher ehdodidient, ttkenfree tokens
reall oca |on i ncur.s

d ' sl k
real | ocated®h&t REBH ?gcrlfoﬁé)s ael’}&SIcr(nﬁ%r%«? :)lnvcﬁ ﬁbonée?g?é %ﬁ"ﬂb gﬁlﬁggﬂamrn“

dat a been at their respective home node for a significant time, a

so called last home t;me.

Advantageously, according to another embodiment, the free
tokens are sent back to their respective home node after a

10 significant number of 51gnal transfers.

Preferably. when a node gets a token request from a local user
. or a remote user a token is picked from the free token pool of
a node using a best-fit algorithm, in which the token with
smallest number of slots that fulfill the requested capacity

15 is chosen.

Advantageously, according to another embodiment, when a node
needs to request a token from other nodes and no token that
fulfills the requested capacity exists the number of tokens

that are prerequisited is minimized.
20 Preferably, the method is combined with a slot reuse method in
‘which
- the DTM; block token format is extended to include
parameters describing the segment(s) between sourcé and
-'. destination node, '

25 - the block token capacity is reserved only on the segment(s)
between source and destination node, and

- simultaneous transmissions in the same slot over disjointed
segments of the network are enabled.

Advantageously, two or more segment-consecutive tokens the
30 same slot range are merged into a’single token when existing
in the free pool of a node. '

Preferably, according to another embodiment, two or more slot-
consecutive tokens representing the  same segment range are
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transfer.- . 22 Ad@ss - del ay- depends >~ .~
mai nly on the | oad on t control slots, - and on how Rany control = > » ,3"
nmessages need to be sent to establish a channel.. Thé-acéeés'déﬂaY’ig e
typically a sunmmation of a few  delays: e.g. node cdritrol’l er processing

delay [5 [err]s], delay in 5 finding and allocating free tokens [100
[err]s], waidd gbdointdea sihbisttanahl ahka eqabtohgshiot the [Fase [fabl of a

[err]s], an

finally  waiting for the first allocated data slot to be

fil'l ed withnode.
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Advantageously, two segment-consecutive tokens, representing
at least partly the same slot range and existing in the’ free
pool of a node, are splitted to obtain segment-consecutive
tokens representing the same slot range, which are merged into

a single token.

Preferably, when a node gets a token request from a local user
or a remote user a token is picked from the token pool using a
best-fit algorithm in ':slot number and segment number
dimensions, in which algorithm the token with smallest area in
the token map or lowest cost function that fulfill the

requested capacity is chosen.

Advantageously, accordiﬁg to another embodiment, when a node
needs to request a token from other nodes and no token that
fulfills the requested capacity exists the number of tokens

that are prerequisited is minimized.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in greater detail below with

reference to enclosed drawings, in which
fig. 1 illustrates a dual-bus DTM network,

fig. 2 illustrates a DTM 125 ps cycle with a home node
defined for each data. slot according to the invention,

fig. 3 illustrates .a token map showing slot number and

segment,

fig. 4 illustrates a slot-segment map showing reuse of slots

according to the invention,

fig. 5 1illustrates the éerformahcé (throughput and access
delay, respectively, versus offered load) for small user
requests (16 kbyte) and for different minimum acceptable
capacities as simulated.using a distributed token server
according to the invention,
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user "data‘[62.5 [err]s]@B n addition, nmessages are del- -bn  -queues at "~

-

the input to node contrOrlers waiting to be 10 processe In the= v, n,g,-
simul ati ons presented bel ow t he average delay is up o a few. hundred IR
m cr oseconds. Results from simulations where DfM 's exposed

traffic patterns that are nore [Iike the relatively short-llved

transfers (444000 é<bﬂ.ﬁ\s’€@86ebn tqmmpbefomamal CHbt orsnmlll dSebe requests
pr esent ed. Traffl

r I 0t arrjvals server
orirented as wel | a¥? YESR oﬁ@ qydﬁfé?F?BttEHmbe vaﬂéo Sfn G9RFies
si mul ati on nodel , baﬁdrdrfaquestSbbm¢klmgths 31mhéaaed|uahngoh;ﬂusamlbuted

"packet" of i nf r]petﬂ %rv%hf Cép&q%% %(ﬁ%déoiﬁ&éla{{bﬁs to allocate

resources for the Fansfer ransm ta an Inally rel eases the

channel. s THjg Is 7 1§l§é€95tébcaédé&§fdéﬁ.‘gﬁrﬂ%@a&' Fhdtich I 62l siniiRBed
wher e chanriel set-up, data transfer annel  teardown are

i ndependent oper atiidifs RELRPatfld BPet e tiaguentaion o foheme, accqrdingpdio
knows that a trangffy isvébeidntantiake Mmacfndfdation at simulation start,

B) the defragmentation scheme according to the invention
and maximum fragmentation at simulation start, and C) no -
10 defragmentation scheme and maximum fragmentation at

simulation start,

‘ fig. 8 illustrates theoretical dual-bus and DTM throughput
versus offered load for a dual-bus DTM network with and

without slot reuse,

15 fig. 9 illustrates the performance for different packet sizes
as simulated using a central token manager in a 10km
long dual-bus DTM network without slot reuse,

fig. 10 illustrates the performance for different packet
sizes as simulated using a central token manager in a
20 10km long dual-bus DTM network with slot reuse according

to the inventibn,

fig. 11 illustrates the performance for different packet

sizes as simulated using a central token manager in a

_" 1000km long dual-bus DTM network with slot reuse
25 according to the invention, '

fig. 12 illustrates the performance for different packet
sizes as simulated using ‘a.distributed token manager in
a dualbus DTM network with defragmentation and slot

reuse according to the invention,

30 fig. 13 illustrates the performance for different bus lengths
as simulated using a distributed token manager with
defragmentation "~ and slot <reuse according to the

invention, and

fig. 14 illustrates the performance for different traffic

35 conditions as —sémﬂ%ateﬁF"ﬁggﬁa a distributed token
, REPLACEMENT SHE
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25 '"hi de" the channel¢stablishnent delay by reques_t--i‘ -a~chanmel > in,*". ,

advance, so that it iS5 already established \(\/nen.thei ? tr-»ansfgar starts. >,.1 .0 .
Bet ween a set'up and teardown, the capacity , of thseﬂeha‘qnel bs xconpl etely ",,°
reserved for the user. The nost 15 rai ght'forward use of the channel is

for a single transfer, 30 such as a file transfer or a video transm ssion.
Dependi ng on t henaxegexct éni & | dsabfbhisie DIPpIneEtown, wiithi sle f rgumssitd i dro
optim ze the us 0, e n or inst e . channel may be used
to transfer seqﬁ%ﬁ%eg‘sl%¢] ﬂ]glg%ée]r%%?/%&ﬁg ?résgig%e%ngﬁ% lgg'ATM cells or IP
packets (this is simlar to 35 using a single VC (Virtual Channel) for all

IP traffi opiaflep pAIMR eI YO KOF EfisbbEmeldgnel is a nulticast channel,
nmessages '

First, the DTM MAC (Medium Access Control) protdcol will be
5 described. The basic~topology of a DTM network is a bus with
two unidirectional 6Ptical fibers connecting all nodes as is
shown in fig. 1. Several buses with different speeds may be
connected together to form an arbitrary multistage network.
In the current protot&pe' implementation, buses can be combined

10 into a two-dimensional mesh. A node at the junction of two
B buses can synchronously switch data slots between the two
. buses. This allows. for efficient switching with constant

delay through the node. The primary communication abstraction
in DTM is a multi-rate, multicast channel.

15 The DTM medium access protocol is a time-division multiplexing
scheme. The bandwidth of the bus is divided into 125 us
cycles, which in turn are divided into 64-bit time slots (or
slots for short) as illustrated in fig. 2. The number of slots
in a cycle thus depends on the network’s bit-rate; for

20 instance, on a 6.4 Gbit/s network there are approximately
12500 slots per cycle.

The slots are divided into tw.o groups, control slots and data

slots. Control slots are used to carry messages for the

. network’s internal operation, such as messages for channel
25 establishment and bandwidth reallocation. - The data slots are

used to transfer user data and are not interpreted by inter-

mediate network nodes. Intermédiate nodes are nodes between

the source and destination.

In each network node there is a rode controller NC, which
30 controls the access to data slots and performs network
management operations, such as network start-up and error
recovery. The main tasks of the node controller are to create
and terminate channels on demand from users, and to manage
network resources in response to user fequests and in the

35 background. REPLACEMENT SHEET
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23+ to different d I nations can be nultiplexed o t.he channel. an

Thi s means that each ssage will reach every receiyer;on the’ sfulticast ~

b B

channel and receivers nust be able to filter: messages. An gl tkrrative’
selution is to create and destroy a 5 channel for eath nessage)®bdf’?eserVe
t he t okens between messages Sso that the tokens are readi |y avail able for

the next COHE§8gg%ﬂd%§fE&éeH§88C%xclusiU¥§? f&Pemﬁggag@§e%eﬂﬁggwﬁHédeiS
not |ncorporate In t he s1 mul atl1ons, | nce t ey are | op_tlmzatlons
for partieantroibesppl i Echomede |¢rRerel be¥ ehefolrisep NGRS HAR tHe at

network  1P85£0bAE Wohhedl iek lievelacPPidy¥izatdHds it uses to broadcast
control messages down-~streams to other nodes. Since write

5 access to control slots is exclusive, the node controller

always has access to.dits control slots, régardless of other

nodes and network load. The number of control slots a node

uses may vary during network operation.

The network is not _re§tricted to a dual~bus, but can be

10 realized by other kind of structures, e.g. a ring structure

with an arbitrary number of nodes. The transmission media can

besides to optical fibers be coaxial cables or any other high

. bandwidth transmission media. Hereafter the transmission
media will be referred to as optical fibers. The bandwidth of

15 the DTM dual bus in the preferred embodiment is divided into

125 ups cycles which in turn are divided into 64-bit time

slots. The invention is not restricted to DTM networks with

these Values, but can be used in networks with cycles and

slots of arbritary sizes.

20 Principles for resource management (called token management)
will be described below. The majority of the slots in a cycle
are data' slots. Access to data slots changes over time,
according - to traffic demands. Write access to slots is
controlled by slot tokens (or tokens for short). A node

" 25 controller may write data into a slot only if it owns the
corresponding token. . The token protocol guarantees the slot
access to be conflict free, which means that several nodes do
not write data into the same slot,

Control messages for channel establishment and bandwidth
30 reallocation carry sets of "slots or tokens as parameters.
However, a control message is 64 y;ts and can therefore have
only a small number of paraméters. This means that if a user
requests a large bandwidth transfer, it may be necessary'to
send several control messages to create the channel. This
35 introduces extra access delay and consumes signaling capacity.
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The sender- may start seging data as soon as the resour are .,  a- an

al l ocated, even befor the receiver receives the annel . 1% 3 M
establ i shnent message. This is called channel establishment. 15 The.” * *733
receiver will eventually respond with a control nessage’to ™ accéépt~or A
reject the channel . User requests tfave the follow ng paraneters: -
Packet 'size yfi o Scdhe i:’f‘i‘g?I ngiﬁﬁ atnrl%'ﬂ%f eEcS egecreasebeﬁﬁ’@e@m unt
channel esta Ilshnent an anne ease si mul at e packet

si zes from aofewn Eyied ign t@%tf@ﬂﬁ%yﬁ:@s be sent R@Bﬁ&égt ek €yedbion

channel , ml&ﬁdl&éh@nnw@@xl@éatlon. slqth%tﬁatrs@ nggeilizasibd alihocebren
For all the sinula

fixed Lo 40 TeRSOSEPBES 45 58| ARG 'DR8Ck HANSHN acdepbaBrE CANER (is

A node bl scksransequest ih it single control message and represents a group
of tokens, but can only be used for particular combinations of
tokens. For instance, in the simulator a block token is
denoted by a slot number and an offset giving the number of
contiguous slots in the group. The block token optimization

10 assumes that the token pool is not fragmented into small
pieces. This will be referred to as fragmentation of the

token pool.

. The token protocol guarantees that a data slot can never be
used by two nodes simultaneously on the bus. Sometimes this

15 protocol is too conservative. Fig. 3 shows an example of how

three tokens (A, B, and C) are reservéd for three channels.

Nodes are connected by bus segments and channels typically use

a subset of the segments on the bus (gray color) and the rest

are reserved (white color) but left unused and thus wasting

20 shared resources. A better alternative is to let channels

only reserve capacity on the segments between the sender and

the receiver as the example in fig. 4. A single slot may in

this case be used multiple times on the bus. Channel D and E

are using the same slots as channel A and C but on different

‘ 25 segments. This is referred to as slot reuse. Slot reuse
enables simultaneous transmissions 1in the same slot over

disjointed segments of the bus.

Slot reuse is a general method t¢ better utilize shared links

in ring and bus networks. The slot reuse algorithms in DQDB
30 (Distributed Queue Dual Bus), Simple and CRMA (Cyclic

Reservation Multiple Access) depend on control information in

the slots. Buffer insertion neétworks when combined with

destination release as in METARING may reuse capacity of

individual links and resolve eventual contention by delaying
35 the incoming packet stream through an elastic buffer.
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(all nodes with the sane_probability) and’user inter-arrival
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overhead on util |zat|on channel set-up del ay,

10

15

20

regardless of whether it 1is doné in hardware as in DQDB,
Simple, and CRMA; or in software, as in DTM. When implemented
in systems other than DTM, slot reuse also adds complex
hardware to the critical high-speed path through a node and
therefore increases the node delay.

To allow slot reuse in DTM the block token format is according
to the invention extended to include parameters describing the
segment (s) it is representing. The token management protocol
is also according to fhe invention modified to avoid conflicts
in the slot number dimension as well as the segment dimension.
The most important assumption is that no hardware changes to
the original prototype implementation where allowed or needed.
The performance gain is also quite clear: on a dual-bus where
source and destination pairs are uniformly distributed it has
been shown that throughput may be increased by a factor of
two. The performance gain can be even higher in other network
designs; e.g. in a double ring structure with source and
destination nodes uniformly distributed throughput may be
increased. by a factor of four. Having nonuniformly

distributed source and destination nodes the gain may be much

‘higher.

* -

30

35

The potential drawback of slot reuse in a DTM network,
however, is the higher algorithm complexity and eventually
higher load on the node controller and signaling channels

(especially if the average channel duration is short).

Two token management schemes have been evaluated. The first
and simplest is to let a singie node controller manage all
free tokens for one fiber. This sort of centralized server
meehanism has also been used in systems such as CRMA, where
the head-end node distributes the fiber capacity to all other
nodes. The simulator was configured so that for each fiber a
node one third of the distance from the slot generator was
token server (with 100 nodes on a bus node 33 and 67 will be

token servers). This corresponds to the mid-point of demand
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24 * -+ and bl ocki %M Ve si rruI at'e "varyi ng traffl‘ondltldns, for at ..
topology with the foll ng characteristics: - A dual bgs néetwotk:s -

5 9

wi th 100 nodes. Even though it is ] theoretlcally possithlle,to .47 "4a
connect many nore nodes to a bus, 14 O we think that managenent of
networks with nore than 100 "~ nodes on a bus may be infeasible.

Wth 100 ngdes dd¥th of the twapaaibyrebationgli Sfibaps f saaht wraugh token
The

d t K t
Chpaci ty ofoBEgR LT heve s )E AT A2 Bn narn siddeilT
for what '%a@ﬁﬂﬁfﬁélﬁ‘Méé%nr@q¥§§5(HiﬁfMés 2a¢ a node, tHY TSPt Gak

| i nks have been aval |l abl W years nd 10 Ghit/s |inks
have been ARAYESESd t'ePkffpRar £56Bn die manager and then locks ' them

5 throughout the channel 1life time. When the user issues a
request to disconnectthe channel the tokens are returned to
the manager immediately. All requests are delayed during the
token request and accesses are serialized through the central

manager.

10 The distributed token manager is fundamentally more
complicated than the centralized. We tried to keep it as
simple as possible. .In our method each node regularly

!.. . broadcasts status information about how many free tokens it
has. The other nodes store this information in their status

15 tables. A node that wants more capacity consults its status
table to decide from which node to request slots. The

protocol on the initiating side works as follows. When a user

request arrives to a node:

1. If the node has sufficiently many free tokens to satisfy

20 the request, it allocates the requested amount of ‘slots to
the user, and starts the channel by sending a channel
establishment message to the destination node, .and then

transmitting data using the reserved slots.

_ 2. Otherwise the node marks its available tokens as Dbeing
" 25 reserved, and then checks its status table: if the total
amount of free tokens in the network is not enough to
fulfill the = request, then the request .is rejected
(blocked). Otherwise the node requests tokens from nodes

with unused capacity.

30 If one of these nodes receiving.a token request does not
have the requested amount of free slots, it still gives
away all of the slots it has. In any case, it sends a
response. back to the requesting node. A node fulfills
incoming requests in striqt FIFQ order.
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rejected, the reserved slots are marked as free again.

At startup all free tdkéns are evenly distributed among the
network nodes and each node takes at least one of its free
tokens, moves it (them) to the active state and declares it
(them) to be a control slot. User requests may now be
accepted and tokens can be moved between nodes on demand.

A weakness with this scheme is that slot reallocation is only
triggered by user requests, and user requests are delayed by

pending token reallocation. An optimization we have
implemented to remedy this is to also perform slot reallocat-
ion in the background. This results in 1less need to

reallocate tokens for small to medium sized requests.

The pool of free tokens may be distributed in other ways than
evenly to increase reallocation success rate and utilization.
If fewer nodes are managing the pool, channel blocking

decreases as a result of a lower probability of token

10
L

15

20
' 25

30

reallocation failure..

The complete token pool' is in this case distributed
proportionally (nodes close to the slot generator get more
tokens than nodes far away from it) among all nodes. Token
transfers may occur between any pair of nodes instead of
always involving the server noéde. When the local node
contains enough tokens to fulfill an arriving user request,
the request may be accepted without any token reallocation.
Furthermore, as long as the arriving user requests are well
matched to the pool distribution no reallocation will ever be

necessary.
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paQatioh delay in sinmul gk ons with different bus length 30 ~- are L

presented in figs. 11 am¥ 13. - Two different tOken managénent _ »_ 3 -
schenes are sinmulated: an asymmetrical schdne.whefe allathe .

t okens on one fiber are nanaﬂgd by a single foken'server and a
symetrical schene where each”node controller manages a snal |

piece of thegeyerdd %uégfiﬁﬁstﬁgéa @3ﬂbi]answered before deciding how to
25 When anal ysing the performance of e dual - bus network, the

i ssue of maxPdshriiddcet ithe pEPKBRmam@®lrust bé hgdarfeddayidiy issues are

addressed:

1. When local resources in the node are not enough to satisfy
5 a user request, which other node should be asked for more

tokens? . oo

2. If a node asks for tokens from several nodes, how many
tokens is it going to ask for and should the node reject
the channel if it &receives a fraction of the requested

10 capacity?

3. If tokens move freely among the nodes, will the token pool
'\ be fragmented into small pieces and render the block token
optimization scheme useless?

Status messages were decided to be used to distribute
15 informafion about the pool of free tokens. Status message
information is used to help a node choose a suitable node when
asking for more resources. This method addresses the first

gquestion above.

Our scheme works as follows. Each node regularly broadcasts

20 status information about how many free tokens it has. The

- other nodes store this information in their status tables. A

node that wants more capacity consults its status table to

decide from which node to request slots. The broadcasted

" state information gives an approximate and dated view of the
25 current state of token information, so token requests may be
rejected because they were sent to nodes that no longér have

tokens to give away.

Status tables are “soft" information in the sense that the
system will work even if they are out of date or not

30 available.

They should, however, improve the success rate of reallocation
procedures.

When comparing basic performance of the centralized (fig. 9)
and the distributed (fig. 12) token manager we see that there
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different schenes and inplenmentations we are ‘evakuating.. 3 “The.hggjsnum oot
throughput of a dual -bus systemw thqut slot-Teuse ">can’be dellned as
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traffic. Ilysa gyshem Wirhes! Qf I auSfectidde Syisaem ‘iBrO!ﬂlé@%h%n@ sq rflepeqgls
on the source destination 10 distribution. To obtain th t'hr oughput fqg
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defi ned beldwnodengisesehhealdtasdis okablentagepichhaode(sd 16rosewhiesduetst s

| arge tran 20 i ' - aSI | i pagi |
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resulting in a user rejection.

This behavior results in even more unnecessary token movement

10 and therefore also increases the probability of other nodes

receiving fewer than reguested tokens. The tokens that are

. moved in this case are also locked and unused during the
‘: transfer.

If the pool is distributed proportionately among a large
15 number (100’s) of nodes, the average pool size will be
relatively small. When the load is high, the number of free
tokens in pools decreases even further. If nodes also create
and destroy channels at a very high rate, the amount of free
capacity in individual nodes jumps between having a small
20 amount of capacity and having none. Now, if the average
capacity requested by a user is large compared to the number
of free tokens of a node, several nodes need to be asked to
fulfill the request. At this point the probability that one
of the requested nodes does not have any free capécity
. 25 increases, leading to a user rejection. '

There are several ways to address this problem without going
back towards a centralized model. First, we may not give away
any slots at all when the complete request cannot be
fulfilled.

30 This protocol applies if only a sinéle node is asked for free
 tokens but if several nodes are asked it may still result in
tokens being moved or locked unused. Second, if after a token
request, we receive fewer tokens than we requested we may
simply retry the token request procedure several times. This

35 will increase the probabi'lity of accepting a user request and
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If, for example, a user receives 50% of the requested he may
want to accept. In fig. 5 throughput, which is the ratio
between transported user data and total number of bits
transmitted by the fibers, and access delay, which is the time
from the arrival of a user request to the sending of the first
data of the'request, for small (16 kbyte) user requests with
various minimum acceptable capacities [100% (40 slots), 50%
(20 slots), and 5% (1 slot)] are plotted versus offered load.
A lower average minimum acceptable bandwidth will result in
higher throughput. In fig. 6 is shown the performance that
results if user (requesting a 16 kbyte data transfer) retries
up to 8 times Dbefore the request finally 1is blocked.
Utilization increases (and blocking decreases) at the cost of
more signaling and longer delay. Retrying a large number of
times is counter productive if it happens frequently.

Clearly the benefits of a flexible user request policy is
lower probability of being rejected and highetr overall
throughput. Either of the configurations presented in fig. 5
and fig. 6 may be decided at arrival time of a request. A
user that has strict demands on the capacity for a channel may
retry until enough capacity is allocated, but another may
rather accept a channel with less then the requested amount.
For the rest of the simulations presented here the minimum
acceptable bandwidth is defined to be 50% of the requested
capacity. '

In the general case, the average number of contiguous free
blocks in a node is small, due to the random movement of
tokens and the varying capacity of user’'s request. This
fragmentation rendefs the block token optimization practically
useless, and the ATCESE a€£7§§¥‘hs relatively long
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allocation efficient it is necessary to reduce fragmentation
of free tokens, othérwise fragmentation will be by far the
main contributor to access delay for high bandwidth channels
at moderate to high load. Low capacity channels will almost
always have a very. short channel establishment delay
independent of the current amount of fragmentation. In the
case of slot reuse, ‘the fragmentation problem is even worse,

as fragmentation may occur in both slot (time) and segment

(space) dimensions (see’ fig. 4). This is in the centralized
server version a particular application of the general dynamic
storage-allocation problem. In the distributed token manager
most of the fragmentation is ‘a result of using many free pools
(one for each node). Two free adjacent tokens can only merge

if they are found in the same node.

A distributed scheme that tries to avoid fragmentation if
possible and increases the average block size of free tokens
in the nodes has been implemented. The scheme is used both

with and without slot reuse.
The scheme works as follows:

1. Define a home node for each token at network startup and
distribute tokens in such a way so tokens sharing the same
home node will always define a continuous slot_range."This
results in a large average token area in the token map

shown in fig. 4.

2. When two slot—coﬁsecutive tokens with the same slot or
segment range exist in ‘the. free pool merge them into a
single token (sometimes a "recursive split and merge
operation is needed). When doing a merge always prioritize
segment merge before a slot number merge. (The reason for
this is that tokens spanning over just a few segments are
less useful to other nodes than tokens spanning over many
segmentsL.JTwo segment-consecutive tokens, representing at
least partly the same slot range and existing in the free
pool of a node, are splitted to obtain segment-consecutive
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al sgugepgeenm%/h geﬁe;%rﬁi a‘gpoff&:ﬂ@d ‘f%];‘be off a token is calculared as th
: area of a token in the token map and we try to pick the

token with the sﬁallest area that fulfill the requested

capacity. A cost function can also be defined as a

10 function of e.g.' nﬁmber of slots, number of segments,

location of slots and location of segments, which function

, should be minimized, however, still fulfilling the

‘ requested capacity. This mechanism can also be used by the

servers when using a centralized token manager.

15 4. When a node needs to request tokens from other nodes it
.does not ask for small chunks from several nodes if it is
possible to ask for larger chunks from fewer nodes. The
status tables provide this information. Transfer of tokens
is therefore more efficient, and there are fewer

20 establishment messages and less fragmentation.

5. Free tokens are sent back to home nodes when they have been

idle for a significant time or after a long transfer.

This scheme returns tokens to "home" nodes as a way to-
increase the probability that two consecutive tokens can be
. 25 merged in the free list which decreases fragmentation. If
home node "gravity" is too strong the scheme will result in
less sharing of resources and unnecessary signaling. If it is
too weak, fragmentation will still remain a problem. The -
"gravity”, may be changed during the operation of the bus.

30 To ev.aluate the defragmentation mecflanism we did anofhef set
of simulations. Three different -simulators [A, B, C] were
configured. Simulator A was configured to have no fragment-
ation at simulation start time and to use the defragmentation
scheme described above. B did start with maximum fragment-

35 ation of the complete resource pool. All tokens had a single
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In fig. 7 is shown the:-access delay as a function of simulated

time for a 10 km network. Simulator C started with a long

access delay and thefdelay increased as the signaling channels

became overloaded and message queues grew. Simulator B using

10 the defragmentation mechanism starts just as bad as C but
already after 10 milliseconds the average access delay is

) below SOO.microseconds. Later when one second of ‘simulated
"' time has passed, the B curve almost joins A, i.e. it converges
on the performance of the simulator starting without any-

15 fragmentation at all. The convergence speed depend on the
amount of free capacity in the network and therefore also on

load. The load during all these simulations was 80%. The
defragmentation mechanism clearly improves the access delay

and also makes the block token optimization meaningful in the

20 distributed implementation.

Two kinds of performance measures are of main interest:
-utilization and access delay. Utilization is the portion of
the nominal network capacity that is actually used for data
transfer, and is a measure of the efficiency of the network.
" 25 Access delay is the time from the arrival of a user request'to
the sending of the first data of the request, which is an
important measure for how well computer communication traffic

can be supported.

There are two main factors that influence utilization in DTM.
30 First, each node is assigned signaling capacity in the form of
control slots, which means that there are fewer slots
available for data transfer on a bus with many nodes, given
fixed 1link capacity. Secondly, token reallocation incurs
overhead since while a slot token is being reallocated between
35 nodes, the corresponding slot cannot be used for data
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the delays: e.g. node controller processing delay [5 us], delay in
5 finding and allocating free tokens (100 us], waiting for the

first available control slot to pass [50 psl, and finally

waiting for the first allocated data slot to be filled with

user data [62.5 ps]. In addition, messages are delayed in

queues at the input to node controllers waiting to be

10 processed. In the simulations presented below the average

delay is up to a few hundred microseconds.

o Results from simulations where DTM is exposed to traffic
‘ patterns that are more like the relatively short-lived
transfers (4-4000 kbyte) seen in computer communication will

15 be presented. Traffics are with bursty inter-arrivals, client
server oriented as well as with exponentially distributed
arrivals. In the simulation model, each transfer starts with

the arrival of a new “packet" of information. The node
controller tries to allocate resources for the transfer,

20 transmits the data and finally releases the channel. This is

a simplification of the mechanisms in a real system, where

channel set-up, data transfer and channel teardown are
independent operations initiated by the user. For ekample, a
user that knows that a transfer is about to take place may

. 25 "hide” the channel establishment delay by requesting a channlel
in advance, so that it 1is already established when the

transfer starts. Between a setup and teardown, the capacity

of the channel is completely reservgd for the user. The most

straightforward use of the channel is for a single transfer,

30 such as a file transfer or a video transmission.

Depending on the characteristics of the application, it is
possible to optimize the usage of the channel. For instance,
a channel may. be used to transfer sequences of higher level
messages such as ATM cells or IP packets (this is similar to
35 using a single VC (Virtual Channel) for all IP traffic in an
ATM network). If the chanpiiﬁigwgﬂmulti§a§t channel, messages
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message in the sequence.

This type of user behavior is not incorporated in the
simulations, since- they are optimizations for particular
10 applications. Instead attentlon is paid to how the network

- performs w1thout user level optlmlzatlons

. The sender may start sending data as soon as the resources are

‘ allocated, even before the receiver receives the channel

establishment message. This is called channel establishment.

15 The receiver will eventually respond with a control message to
accept or reject the channel. '

User requests have the following parameters:

- Packet size which is the amount of user data transferred
between channel establishment and channel release. We
20 simulate packet sizes from a few kbytes up to a few Mbytes.

- Recguested capacity for a channel, which is the number of
slots that a node tries to allocate. For all the simulat-
ions in this paper the requested capacity is fixed to 40
. slots or 20.48 Mbit/s.
| 25 - Minimum acceptable-cépaCity. A node blocks a request if it
cannot allocate this number of slots. This is normally set
to 40 or 20 slots (100% or 50%.Qf:requested capacity).

Source address.
- Destination address.

30 The source and destination addresses are generated randomly
(all nodes with the same probability) and user inter-arrival
times are exponentially  distributed. The simulations
investigate the effect of signaling capacity and slot
reallocation overhead on utilization, channel set-up delay,
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A dual bus network with _100 nodes. Even though it is
theoretically possible to connect many more nodes to a bus,
we think that management of networks with more than 100
nodes on a bus may be infeasible. With 100 nodes the
capacity sharing is significant enough to exercise and test
the token managemént protocol.

The capacity of each bus is 6.4 Gbit/s. We believe this is
realistic for what is realizable within a year or two; 2.4

Gbit/s optical links have been available for a few years,

and 10 Gbit/s links have been announced to appear soon on
the market. 6.4 Gbit/s corresponds to 100 MHz slot rate,
which is the rate at which the slot processing MAC hardware
would operate this speed attainable with current CMOS

technology.

The total signaling capacity is the same for all nodes but
the slots are partitioned between the two fiber directions
proportionally depending on where the nodes are located on
the bus. The closer a node is to the slot generator the
more control capacity is needed. The sum of the control
capacity on both buses will however be the same for all
nodes. In the network with two token servers, the servers
have more control capacity and higher processing capacity

than the other nodes.

The length of the bus is 10 km, which gives a large enough
network so that the effects of propagation delay are not
negligible. Results from sfudies of the effects of pro-
pagation delay in simulations with different bus lengths
are presented in figs. 11 and 13.

Two different token management.:.schemes are simulated: an
asymmetrical scheme where all the tokens on one fiber . are
managed by a single'token server and a symmetrical scheme
where each node controller manages a. small piece of the

global token pool. | ﬁ;i;&fmi;

UL e

L B}
A

L -]
+ "

AMENDED SHEET

”

- -

o -



28 - * The server al so inpl ement other poli cy-’atgd fungtjceps ,*°, ™
such as adm ssion cont and fairness. The fragnenbat on-of 2 ‘ther,,2,”"
free token pool in the server is normally very nDdesb : ] ﬂresultlng in®’,,
very few connection establishnment nessgges per ' 5'channel even for high
capacity user requests. There are al so drawbacks. A user that
frequent|y @eablarstiesing the panfamsiney sotheheebPEMndyalnbnsdoeswork the

excessive si;gnald ng t?rYaXJ.nll(um thééﬂ@efﬁca{f%pwﬁné%@nﬁuevsé uaarela%dt hey

requestlngth ens again within a short time period
processi ng CompPap®caphei t ytihe tﬁé“&’é-ra\}féd noBETHRYMEEC over | 0ddM i F“atxﬁé’tué‘
are tHRRY TGRS Mtﬁrrmﬁsc@rlsfalbe @\s%aaqel PEtKEt pspELE tB \Cohpare

o b, i A A S SRR GAS 5B Rl
to th? servi ﬂﬁ%ﬁ% lﬂﬂ?#wéﬁgéﬁwy?qgedual bég EgQ@Lhwa@ﬁoﬁ%r%ﬁ qg%se

contai ns st I on epend on to
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fibers receive the same traffic. In a system with slot reuse

the system throughput also depends on the source destination

10 distribution. To obtain.-this throughput for the dual-bus we

used a Monte Carlo. simulation where source and destination
addresses were uniformly distributed (see left graph of fig.

‘ 8). Comparing this with a DTM network (simulator configuration
' as defined below using a centralized token manager) where the
15 user requests large transfers (4 ME at 20 Mbit/s capacity) and
signaling capacity is not a bottleneck (See right graph of

fig. 8), utilization is close to the ideal case. Real traffic
behaving 1like this is bulk-data transfers and audio/video

streams. The differences that are shown are a result of: Some

20 capacity is in DTM used for control slots lowéring the
available number of slots to be used by data transfers.  The

random generators for the DTM system do not generate exactly

the same amount of traffic in upstream and downstream

direction. This may result 'in blocking in one of the
25 directions when capacity is available in the other. During
'. channel establishment resources may be locked unused

momentarily wasting some capacity.

In the case of central token manager the two managing nodes
need more signaling capacity than other nodes (eight times as
30 many control slots to a server node than to other nodes are

assigned).

Results of the first set of simulations are presented in fig.
9. User request 20 Mbit/s channels, inter-arrival times are
exponentially distributed (generated by a Poisson process) and
35 the simulations are performed with different packet sizes. If

the full capacity of the channel allocated, the
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' nodes may be €specially overloaded. The result is that queues

containing control messages start growing very big. The

control tokens représent unused capacity, and therefore the

throughput is degraded.

10 In the 4 kbyte per channel simulations, the control capacity
is the limiting factor and if more control slots (signaling
capacity) are added, 4 kbyte and even smaller packets can be

’ more efficiently supported.
The next set of curves in fig. 10 show how the slot reuse
15 mechanism improves the performance of the system. Throughput
increases by almost a factor of two before any significant
number of channels are rejected. The uniform source and
destination distributions of channels 1limit the amount of
increased capacity gained by slot reuse. It has been shown

20 that if the source and destinations are generated evenly, as
we do, throughput may be doubled on a dual bus. In the
simulations it may also be seen that beyond an offered load of
2.5 we may actually get throughput higher than 2.0. This level
of throughput, however, cannot be reached without some

‘. 25 channels being rejected. The channels with the highest
probability of being rejected are the ones that use many slots
or segments. Therefore the system "filters" less greedy user
requests and throws away the rest.. This is normally not an
acceptable behavior and we therefore do not investigate this

30 any further. Throughput degradation. occurs at an offered load
of 1 with the 4 kbyte transfers. ~ Even - if enough resources
were available in the token ser%ér it is not possible to
establish and destroy channels fast enough as the control
channel 1is congested. Further is also seen a throughput

35 degradation of the 8 kbyte simulations at an offered load of
1.8, for the same reason.
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re§ult not _jexbected Mas ihah 2PRSLOT @8RS Eesa6hdakhtem throughput with
- only minor changes to. the centralized token protocol as long
as the control and server processing capacity is not a

5 bpottleneck. From the curves it can also be unexpectedly seen

that access delay actually decreases when the load increases

from 0.1 to 0.5. This is a result of how slots are assigned to

a channel and not from a faster token request procedure. The

time it takes to request tokens from the server is strictly

10 increasing.

When comparing the DTM performance in £fig. 10 and the
theoretical values in fig. 8 it is seen that even short bursts

' {(a few milliseconds duration) can be supported efficiently.

When a single token server is used, each channel establishment

15 first requires a token to be requested from the server before
the node can establish the channel. If the length of the bus
is increased the token request will take a longer time and may
therefore also limit the throughput ‘and increase the access
delay. '

20 In fig. 11 is shown the result from simulations, in which the
length of the bus is increased from 100 to 1000 km (node to
node distance is now 50 ps). Both access delay and throughput
are now limited by the round-trip latency to the token server.

Access delay in this case depends on the distance to servers,
" 25 but is independent of the transfer size. Utilization depends
strongly on the transfer size as the establishment phase may
be amortized over a long data transfer phase. Channels
transferring large amounts of'ihformation such as 256 kbyte
with a duration of one tenth of a second are stiil efficiently

"30 supported when the bus length is 1000 km.

Using a centralized token managér has several benefits.
Clients may be simple as they only contain state information

' related to their own opened channels. Siot reuse is also
simple and efficient, as the slot server has all of the free

35 tokens to choose from when trying to satisfy a user request.
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decreased when the pac size was increéased! After ¢ ki.ng --the- ST
results again it was f d that a |l arge average transfei si ze Eesuitsi;l a
| ess novenent of tokens and that the status i nformation actual by gives _,
an. even worse view of free 10 resourcgg in the network than for ’shor't

transfers. In this case, a reque Is rejected if we do not think we

will find THEY s 8% 8Y¥I ey PULTS ﬂﬁﬁbéﬁéﬁﬁ‘W%%éﬂ“ﬁé&&@?dera%@@(kﬁﬁﬁﬁiéﬁb
contr ol capa%héy when resources wer e _exhaust ed. he. reason for this is

=
that the st a4 n@SsagBISBAPY GOBEEPHe 2P (A VINESS t okERS CEFAMEFafiyon of
selgrrents onfﬁH@ e toke oD%Ibl ir okms hr@wal uged dmrmmﬁy\odierggd??@%éae
onytypeo fto nin , a stemw thout sl ot reuse. {, a_loa L gher

Chan 1706 o reSHETAAS  dRocreRY EhRe ot et S e oA TR cpeS SEoRsaer
needs t hesn athdrme2Y dreemgfascuidly capacittvesssr rednesefore, 20 the status

message nmechani sm which is used, that was devel oped for a _system w t hout
reuse, is |iThexsl 2Kei assabdrpwpackshel P usabwthagudseguanid f regtablishes

capacity, anthfadesk oy Wehs§hnE28€ may introduce excessive signaling by
' always returning toﬁens after use, but then requesting the
tokens again within a short -time period. The processing
10 capacity of the server node may get overloaded if there are
many nodes on the bus or if the average packet size is very
small. If the media length is very large relative to the
l’ product of bit-period, bits-per-packet and media velocity the
round.'trip time to the server may also limit performance.
15 Finally the server node contains state information that all
nodes depend on to create channels. A server node failure may
therefore affect all the nodes.

s o
r Rl 4

kR J

In next section the properties of a fully distributed token
manager are simulated and investigated.

20 When evaluating the performance of the distributed token
manager with slot reuse and defragmentation the'same traffic
and parameters are used as in the case of a central token
manager, but with a policy whereby requests are accepted if
50% of the requested capacity can be allocated.

‘. 25 The results presented in fig. 12 are from the simulétor with
slot reuse, a fully distributed token manager, status messages
describing how much <capacity a node owns, and the
defragmentation scheme. All nodes have the same processing
capacity and the processing load is much lower than what the

30 servers in fig. 10 receive. The dependencies between nodes
are also much smaller resulting. in a higher degree of
reliability. The system performs better than any system not
providing slot reuse but not as good as the centralized system

described earlier.
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result in higher blockif. The throughput and alss detay- of thgy -7 -
distributed token 25 manager with bus lengths from1l kmto 1000 Xmis : "ases

s 2

presented in fig. 13. A small 16 kbyte packet is sent between - an” T
est abl i sh- ment and tear-down of the channel, for |arge packets (100's
of kbytes) the throughput performance of the systemis much | ess

af fect ed byWhies mempaniid. theheer fommamdtel 00f k khbeas ewrgfi g3t arouendhehe
sare thro“%@gﬁutgg}‘lbz%%?eéék&?' ﬁéS{,\géE' fl% &heléo oneKMUS Pﬁ&é‘“%@otc*ﬁngf

| atency intro y using a 1 l: dom nat es over
fl1ight | atedéy highete andteome Fepques ﬁemwo@%mctmgecb@t oRBCBedovWeRatl oae

access del ayni $hloWnGtribdi e imleniditfdteiot han in the 1000 km syst em
using a 35 centralized token server, especially at |ow | oad tokens are

found versy Onese teswhier enbhe qurec*tmweswaarrlt\mct anperifbayance actually
decreased when the packet size was increased! After checking

the results again it was found that a large average transfer

size results in lesé movement of tokens and that the status
information actually gives an even worse view of free

10 resources in the network:than for short transfers. In this

case, a request is rejected if we do not think we will find

any resources. This mechanism was introduced to avoid wasting

. control capacity when resources were exhaustéd.

The reason for this is that the status messages only describe

15 "global" tokens covering all segments on the bus. A global
token may be used by any node and is the only type of tdken in
a DTM system without slot reuse. At a load higher than 1.00 a
large number of tokens are segmented and the reuse scheme
needs them on their being used by new requests. Therefore,

20 the status message mechanism which is used, that was developed
for a system without reuse, is limited in its ability to help
new requests find free capacity, and can in the worst case
result in higher blocking.

The throughput and access delay of the distributed ioken

. 25 manager with bus lengths from 1 km to 1000 km is presented in
fig. 13. A small 16 kbyte packet is sent between establish-
ment and tear-down of the channel, for large packets (100's of
kbytes) the throughput performahce of the system is much less
affected by the bus length. The 1 km and 100 km buses give

30 about the same throughput and access delay results as the 10
~ km bus because the latency introduced by using a 125 ps cycle
dominates over the time of flight latency in the system. For
the 1000 km long bus one sees that the access delay is found

to be much shorter than in the 1000 km system using a

35 centralized token server, especially at low load tokens are
found very close to where the user reanesT arrived and delay
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30 - is about the sa or all systens.” Even at very R loath the — °°,,
access delay is ‘about 1" llisecond shorter than in th& system » with the,3,

[ ~

centralized server. The centralized token manager Systénfmﬁlj»have“th§°“°.3

LR )

sane 5 performance al nost "i ndependentky of the traffi’c as long’as™
processing and signaling are sufficient. To eval uate the di stributed
system two otibeabbidf the gemey oar [MEerSdisats. Evenisit ve#ey H$@H 1dad the

generator that sinulates user . request.s arri.vi I n_bursts. When, a
Joquest arri B8R GEMANed S WAHTLD PHUERe S HIRESF (H080 Y pFBBasyFEED
after 200 [ewiktb. theTkentraldgeldt seiryveirhat a burst of requests arrives to a

node and . .
The centralized token manager system will have the same

5 performance almost independently of the traffic as long as
processing and signaling are sufficient. To evaluate the
distributed system two other traffic generators were used.
First, we used a igenerator that simulates user requests
arriving in bursts. When a request arrived we defined a new

10 request to arrive with 90 % probability after 200 ps. The
result is that a burst of requests arrives to a node and
forces high temporal locality of the source addresses.

.’ Second, to generate traffic more similar to client-server
- behavior the amount of. traffic arriving was increased to 5

15 server nodes 0, 25, 50, 75 and 99. The probability of a server

destination is also higher.

In figqg. 14 is presented throughput and access delay

performance of the distributed token server system.

It is clear that the distributed implementation has several
20 benefits but also drawbacks compared to the centralized token
server. The nodes may share the processing loéd, there 1is
less need for high-performance token servers, redundancy may
be higher and access delay may be shorter for low capacity
request. The drawbacks are higher blocking for an inflexible
'. 25 user which may therefore need to retry several times to gain
access to necessary resources. It is also clear that the
status message and status table mechanism must be changed to
avoid unnecessary blocking when slot' reuse is allowed.

When the 1load increases above a certain - point, it gets
30 difficult to find free tokens, blocking becomes significant
and utilization only increases marginally with load. The
degree of blocking at a given 1load depends mainly on the
minimum capacity requirement of user requests. The lower the
minimum capacity, the higher the probability that the node
35 will be able to satisfy the fequest. Furthermore, in these
simulations only one round ogﬁggggg, equests is sent out for
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‘forces high teﬁporalmgcality of the source addresse{@-- Seeend;» to _>», .»°

- hl 2
generate traffic simlar to client-server 7 behavi of 'the ampynt.”>,

of traffic arriving was increased to 5 15 server nodes 0, 25, SQQ:ZS and~ -°,,”
99. The probability of a server stinationm is also”higher. "~ In fig.
14 is presented throughput and T“access del ay per formance of the

di stri but eshdiokeBegermajusyst emutiliddtisncleear bhéatindieadedt rbhutmetking

i npl ement ati on s_several .20 benefits but also_dr acks conpared to the
Cont ral | 2 AP EiEn TOREEy o 7 oSR A S TREF N e EHE (FORESEE nGEl danger
there is acdesss aelady f or hi gh-performance token servers, redundancy nay

be higher and access delay may be shorter for |ow capacity request. The
dr anbacks AFumintheithpltockihe g aosveanvahtiagi Hidnes gser wndenendgntherdior e

need 10s I §fver ehadi M ce@sd@dlay, AEECRRVEAGNLCIPRE Ve REAHIEAS s10d

Is also clear that_ the status message and stat'us table nechani sm nust be

changed t #1d 1f the network is- lightly loaded, meaning that borrow is
infrequent, will result in an average access delay around

125 us (a single cycfe).

In addition, due to fragmentation it may take many control

10 messages to establish a channel, which adds even further to

the load of the control channel, and thereby the access delay.

In fact, without an efficient defragmentation scheme

l’ fragmentation is the dominating contributor to access delay in
the simulations.

15 A consequence of DTM's slot reallocation mechanism is that it
takes longer time to establish channels that need high
bandwidth. This trade-off might be justified: the type of
traffic that needs short medium access delay is usually less
sensitive to the amount of bandwidth allocated for the

20 transfer, and such traffic therefore can be accepted without
much involvement of the reallocation protocol. For transfers
that zrequire high bandwidth, the access delay will be much
longer and will almost always involve the reallocation
protocol. However, in general high bandwidth transfers will

" 25 probably be less sensitive to access delay.
These simulations have shown +that the DTM fast circuit

switching protocol performs well in a dual-bus shared media
environment. Two slot (token) mahagément schemes are analyzed

and both perform well and can benefit from slot reuse. The
30 centralized scheme performs closest to the ideal protocol and
also results in a simple implementation. The distributed

system is more sensitive to user behavior and must therefore
rely on status information that is broadcast frequently and on
the defragmentation method and arrangement according to the
35 invention to decrease the number of control messages needed

for channel establishme l location. Using the

ant _and—glet—red
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avoi d unnecessary bl OCl"g when slot reuse is allowed. @ - \Wen-the-load -~ ,~",
| ncreases above a certad point, it gets 30 difficult t0find free tokens, 7 ",
bl ocki ng becones significant and utilization only increases -narginally *

wi th | oad. The degree of bl ocking,.at a given |oad depends ainl’y on "
t he m ni mum capacity requirenent of “user requests. The | ower the

M ni num ?ap&&‘éﬁb’agxﬁé"@té‘ri:gdﬂ'ﬁ:r dtehdd Okaly | iatr}tﬁh@féhefnfte. mltie Bonyi Ibllzgésabthee
to satisfy tge reguest . , urt?er re, in these Si ations o one

round of to ?Eihﬁ%?g i SR ciﬁh?%ﬁ Tketter perf%&mance {hgh the

' centralized model (comparing figs. 11 and 13). A resource

management system that combines the centralized and the

5 distributed models using a small set of token server nodes is

also possible.

Furthermore, connection establishment overhead can be designed

to be very small, reéulting in high utilization even for small

(a few kbytes) transfers. Access delay is found to be a few

10 hundred microsecondshevénﬂat high.load. The slot reuse method

can ' increase performance by a factor of two without
infroducing any extra hardware in the nodes. Using the slot

l’ reuse scheme it 1s even more important to use the
defragmentation method . and arrangement according to the

15 invention as fragmentation may occur in both slot and segment

dimensions.
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géve.ral r;’ﬁﬁggl?iser ~at the expense of lpnger . > 3 access»»a>
del ay. As“ullllr"ﬂﬂlmmlmmgbove wai ting times_are.independenit, the Yas

-

5 average nedi um dccésstdetay’ i*f havizg a single control slot and
If the network is lightly | oaded, neaning that borrowis I nfrequent,
will result fhREMSaverage access del ay around 125 [err]s (a single

cycl e).

In addition, due to fragnentation it may take many control

10" nmessages to establish a channel, which adds -even further to t he

| oad of the conirql -.chann nd y A he .access del.qy. ao.dn _fagt
wthout an Lorpi APEhrohaBke iRl PARPES £olCHARETVAAS e weidizat fon §E's
the doninati PEM c dBPymiamitcorS yrclacersss dgirapsifer Mode) t hetwomyl &1y ohscrease-

S

10

20

25

30

ment block size of free tokens in the nodes of ‘a DTM (Dynamic

Synchronous -Transfer“Mode) network c h a r a ¢ terized

in '

- that ‘a home node is defined for each token at network
startup or durin'g-netwc_)rk operation in such a way that the
tokens sharing the same home node will define at least

partly a continuous slot range,

- that free tokens are sent back to their respective home

node when a significant time has passed, and

- that two or more slot-consecutive tokens are merged into a

single token when existing in the free pool of a node.

2. A defragmentation method according to claim 1
characterized in that a single home node is defined for
all the tokens at network startup or during network operation.

3. A defragmentation method according to <claim 1,

characterized i n that all nodes are defined as home

nodes ameong which the tokens are distributed at network
startup or during network operation. '

4. A defragmentation method according to claim .1,
characterized in that a set of nodes are defined as home
nodes among which the tokens are distributed at network
startup or during network operat':.ion."

5. A defragmentation method according to one of claims 1-4,

characterized in that tokens can be reallocated to new

home nodes during network operation.:

6. A defragmentation method according to one of claims 1-5,
characterizeddin that the free tokens are sent

back to their respective home node when they have been idle

for a significant time. REPLACEMENT SHEET
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t akes Ionger

15 A consequence of real | ocation nechani sm i@ that it -~- L
‘1 |B@ ‘w channel s that need high bandvm dth. .z

Thi s trade- off
short medi um access delay is usually Ss

traffic that needs_,

i ed: the type of
: - sensitiVve to fhe anount of

bandwi dth al |l ocated for the 20 transfer, and such traffic therefore can
be accepted7w t howt defragrBidatdivmineaiid &fcdheingatdbosati of @uetmeoll 5

For transf t hat hi gh pand del
mieh o Folyh TaRdt i 1§ Fafndst i hals PRy OfFe LAT CORSNERaFR] SRRE

pr ot ocol .

Havwky erg uhegtenleesxped:t Phe bhonlei doklet mduest erlseyv hav@5npt obakhy atre

| ess sensit 0 S | sho that
t he DTM fas%t%%l%cﬁ%%ee%%lq’eé o e |nn°gdeproc?lgc%l §i #g%%%ﬂ%e ?Xllgn g ?aalcgb 1&d
shared nédi dast homgnimsnnment. Two sl ot (token) managenent schenes are

anal yzed and both performwell and can benefit fromslot reuse. The

30 centralized schene perforns closest to the ideal protocol and al so
results in a sinple inplenentation. The distributed :

8. A defragmentation method according to one of claims 1-5,

c haracterizedin that the free tokens are sent

10 back to their respective home node after a significant number

20

25

30

of signal transfers.

9. . A defragmentation method according to one of claims 1-8,
characterized in that when a node gets a token request .
from a local user or a remote user a token is picked from the
free token pool of a node using a best-fit algorithm, in which
the token with the smallest number of slots that fulfill the

requested capacity is chosen.

10. A defragmentation method according to one of claims 1-8,
characterized in that when a node needs to request a
token from other nodes and no token that <fulfills the
requested capacity exists the number of tokens -that are

prerequisited is minimized.

11. A defragmentation method according to one of claims 1-
10, characterized in that it is combined with a slot

reuse method in which

- the DTM block token format is extended to include parameters
describing the segment (s) between source and destination node,

- the block token capacity is reserved only on the segment(s)
between source and destination node, and

~ simultaneous transmissions in the same slot over disjointed
segments of the network are enabled.
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‘sys't'em-i s.nore sensitive to user behavior and nust.i '.for@ﬁ L rely on®?,
status inf ‘mnﬂﬂumlmr oadcast frequently ahdom .’ ' tf]e ‘ Caan AT
def r agnent rl ‘ ‘ rrangenent according tothe. " 35 #nvention.,to,,’

decrease the*nuimbér &f Eontrol nessages needed "* bt channel

est abli shment and slot reallocation.”” Using the

3:_2 _bdeflgagnem at defiraghhedtiand méthsgeidcodding| or® byiasm thel,
istribute

h model . shows b.etterthf%er ormance  than the £
ecentral i z&d™b&C YTbipafifg ¥i Bs. ahfC15)T. TMORSr SSANLEE-~consecutive
tokens in the same slot range are merged into a single token

when existing in the free pool of a node.

5 13. A defragmentation method according to . claim 11,
characterized i n thét two  or more slot-consecutive tokens
representing the same segment range aré merged into a single
token when existing in the free pool of a node.

14. A defragmentation " method according to claim 13,
10 characterized 1in that two segment-consecutive tokens,
. representing at least partly the same slot range andl existing
in the free pool of a node, are splitted to obtain
segmentconsecutive tokens representing the same slot range,

which are merged into a single token. '

15 15. A defragmentation method according to one of claims 1ll-
14, characterized in that when a node gets a token
request from a local user or a remote user a token is piéked
from the token pool using a best-fit algorithm in slot number
and segment number dimensions, in which algorithm the token

20 with the smallest area in the token map or lowest coét
function that fulfill the requested capacity is chosen.

. 16. A defragmentation method according to one of claims 1114,
characterized in that when a node needs to request a
token from other nodes and no token that fulfill the requested

25 capacity exists the number of t6kens- that are prerequisited is

minimized.

17.. A defragmentation arrangement for improving the utiliz-
ation of a DTM (Dynamic Synchronou; Transfer Mode) network by
increasement of the average block size of free tokens in the
30 nodes of a DTM network characterized in that it

comprises

REPLACEMENT SHEET

08 JUN 1998

AMENDED SHEET




mana errent systemt hat conbl nes the centralized and th - di st r-i-but-ed

Eﬁ??'hirﬁf;'rEQ c Illlllmﬂlﬂllﬂ l[lhmﬂnéﬁ[ Vovernesd can b'eahes.g‘n’ii' o be i1
hig

Y )
12 »

'

very smal | ; resultlﬁg Fn utlllzat nevenfor small "' (a Yew kbytes)
transfers. Access delay is found to- a few 10 hundred m croseconds even
at high |oad. HbReShekese¥ee RRLiked toké}?@ ARCT §88EnecBCHIOITRICG WYy @hat
factor of two _wthout i ntroduci ng any extra hardware in, the nodes.

Using the slot therbakenssghamangi fhej samey domengiade 3npeiningat jgast

t he defragnepiatigna eehbofluoasdslatr aaagaent according to the
i nvention as fragnentation may occur in both slot and segnent
di nensi ons. - nodes arranged to send back free tokens to their respective

5 home node when a significant time has passed and,

- nodes arranged to merge two or more free slot-consecutive
tokens into a single token.

REPLACEMENT SHEET

N 08 JUN 1998

AMENDED SHEET

3



* R : D = N

33 ° CLAIM 1. @@ def ragnent ati on met hod for inwvi ng gr{e E96/01749
utilization of a DTM( Dynani ¢ Synchr WT ansf-er- Nbde) net warik 13- 1896
increase- 5 nent block size of free toKehsk&ii-the nodés of a DTM (Dynamic
Synchronous -Transfer Mbde) -
that a hone node is defined
or during network operation |
same home node will define

character:i zed i n
ach token at netv#rk . startup
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partly a'continuous sigm range, - that free toker!are 6 Shak/ Gd 7 4
their respective hone node when | i cant t has pa@Sed‘lZ-a‘rﬂ%
- that two or nore slot-consecutive to zggﬁ_ nerged |nto a X5 single

a node. :

t oken when existing in the free pool of A

defragnmentation nmethod according to claim 1 char,acﬁafl_iAgglqu SHEET
B Flne Sttt

that a single honme node is defined for all the tokens ai

or during network operation. 3. A defragnentation t hod
according to claim 1, 20 characterized i n that all {ndddk8 alN 1998
defined as hone nodes anong which the tokens are distrilujed at network

startup or during network operation.
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4. A ‘defragnentati method according to clai 1, PCT/SE96/31749
characterized in that a set of nodes ar ZSed as ho 25 nodﬁ .a!IZ'Dm
e ring

which the tokens are distributed at= rk startup or
net wor k operati on. 5. A defragnentation nethod according to one of
clainms 1-4, characterized in that tokens can be reallocated to new

home nodes during nefwor
according to one of clpi
free tokens are sent
been idle for a sig

0.8

n. 3 t hod

n that| t he

Throughput
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34 " 7.© A defragneg@etion method according to one Pcl aPey §E86/7 01749

aracteri zed¥nthat the free tgokeas are se back? 8o -i2rei¥0
respective home node when they have not&Hfediat _their respective home
node for a significant tinme, a so called 5 l.ast hone tine. 8. A
defragnent ati on net hod according to one of clainms 1-5, character
i zedi nthat the,free tokens are sent 10 back to their respective hone
node after a signifi gaht_ nunper * of sidnal transters. ' -
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9. A'defragnehtation hod according to one of cIa| 8 PCT/ SE96/C01749

characterized in that a node gets a oke equest from afﬂ@ca’z_
or a renote user a token is picked fro'.m ree t oken pool a node
using a best-fit algorithm in which e to en with'the smallest nunber
of slots that fulfill the request ed capamty i s chosen. 10. A
defragmentation nethod according to one of clainms 1-8, characterized
in that when a node needs to request a 20 token from ot her nodes and no
token that fulfills the requested capacity exists the nunber of tokens
that are prerequisited is mnimzed. 11. A defragnentation nethod
according to one of clains 1- 10, characterized in that it is
conbined with a sl ot
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25 feuse nmethod in V\:hi,l - the DTM bl ock token forgmt i sPENtEnA&d 84749
e

I ncl ude paraneters scribing the s ) betweel source a3 -12- 1996
destinati on node, ~ - the bl ock tokeg?pii‘ fty is-reserved only on the
segnent (s) bet ween source and destination node, and 30 - sinultaneous -
transm ssions in the same sl ot over- disjointed segnents of the network
are enabl ed.
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(57) Abstract

The present invention relates to a defragmentation method and arrangement fos increasement of the average block size of free tokens
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