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(57) Abstract

The present invention selates 10 a slot reuse method and arrangement for increase of the throughput in 2 DTM (Dynamic Synchronous
Transfer Mode) network. The slot reuse according to the invention comprises extending the DTM block token format to include parameters
describing the segment(s) between source and destination node, reserving block token capacity only on the segment(s) between source and
destination node, and enabling simultancous transmissions in the same slot over disjointed scgments of the network. The siot reuse can
:lso eon:p;fuse merging two or more segment-consecutive tokens, representing the same slot range, into a single token when existing in the
ree pool of a node. ’




10 New high-capacity comunication networks and protocols are &

constantly being devel oped by the comuni cati j academ a.
This- devel opnent change frequently and new reg (THIS SHEET tant to
application devel opers who integrate real-tine BEEILMJEQH deo) and
asynchronous opowuzsention services into 15 ' P64 ons
can be found on a wi de range of networlk access term nal's. Terminals act
as network hosts and may be al nost any el ectronic device, including

smal | pocket. RRBRRRANGEMENY FOR ISBOPREVERIR A TNANICSYRCAROROBSTRANSEES ,
and mllio ORKUper conputers. Hosts differ by orders of 20

-magni tude in their needs for processing power, and in their

communi cati on services requi TRORNICAL TFEBLED OFS [THEAINVENTION ar e
currently reflected in a set of. independent net wor k cl asses. . Each
network class is optimzed for its par ular traffi

nd li.ca |ons
Cable Tel eV|T§;190nPrﬁ§F%5rk§nV%Fé%1°Ihn| (?Fl ohgl 258 Stﬁjatoaagﬁg? ‘?%‘?c&
where the ca tnée'm%n@' ‘fbgeﬂnbféé?sé:hé&%' of theSithedug Fﬁhamed snmr(wﬁmnm
on

video. Atelep net wor k uses ong 64 kbit/s dupl ex CII‘CUItS Wlt
guar ant eed tla;owgixpmouanﬂ:ransfer Mode) network.

5 DESCRIPTION OF RELATED ART

New high-capacity communication networks and protococls 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
10 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 electxonic device, including small pocket
telephones or television sets, multi-media workstations, and
15 million-dcllar suﬁercomputers. Hosts differ by orders pf
magnitude in their needs for processing power, and in ;t:heir
communication services requirements; These disparate needs are
_currently reflected in a set of :mdependent network classes.
Each network class is opt:.mlzed for its part:.cular trafflc and
20 appllcations- Cable Telev1s10n networks use unidirectional
broadcast networks where the capac1ty is divided :x.nto ilxed-
sized'éubchannels carryiné;video. A telephone network uses only
64 kbit/s duplex circuits with guaranteed throughput and
tightly controlléd'delay variaﬁions. Computer netWorks, snch as
25 the iInternet, allow a 1arg-e-‘l numbexr of parallel"ne_twork seésions
by use of connectlonless packet sw1tch1ng ‘They ;also use
statlstlcal multiplexing to efflczently utllize_~links. A
backbone network for mobile systems needs extra control (oxr

: s:.gnal:.ng) capacity to dynamlcally track all act:we termlnals.
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tightdly controlled del -ay..variations. Conmputer networks,
Internet, allow a |ar! ‘ge? Hunber;

as Lhe
of f--g{ar-al | el network sessi quswEEY Hk&aBEEN
cdnnect i onl ess packetf sSWtg iathey’ al SO0 use stati 4ti cal REPRAQEDP! exi
to efficiently utilize It kS oA ., backbone networ k '
needs extra OVWABTRM44 or si gnal i ng) ‘capacizy to dynani cal |
active termnals. Wth this w de spectrum of applications existi ng
today and to 35 be augnented in the future, it is infeasible to

gonti nual Iy wiERYeREsNWMdeS FPRCFRR @O ip] iy aakrmendayma to

be augmented in the future, it is infeasible to continually
invent new, sometimes global, networks and a new terminal
interface for each new type of service. Instead, an integrated
5 gervices network supporting existing and new services needs to
be 'de‘ployéd. The overall goals for such a network are
scalability to global size and maximum 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 tb make in,t_:egrated 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 informatiom flight latency remains
limited by the speed of light, the increasing bandwidth delay
product will put hxgher demand on mechanlsms that isolate a
user’s traffic from th:er -party network ‘traffic. A telephone
session, for exa_mple, should not be affected by another user
20 opening a high-capacity v:.deo channel. Second, appllcatlons and
protocols will need to .operate reliably w:Lth 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 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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interface for each newtype of service.

netvvork supportl ngi .exi sting and new ser ﬁﬁSSHEPFjHASCBEEN be depl oyed.
The - overall goal s for such a net

EDscaIallltyto gl obal *
si ze"and- mexi frum shari-ng of expensive net ml—“c

ze
cost. OpticalWa¥ 2k ssion t echnol ogy 3has been shown "E?SB‘@.‘?\?. de

the necessary |link capacity at a | ow enough price to make integrated
services - networks a realistic solution. A new i ntegrated opti cal
networ k -w t h yatsfbrNsghesuenpass t \CSMA /AGD | (gémmm:er Serster odud.e:.péa/ pAooéesmé
not seen in today's nore specialjzed and | o erfo nce network

" First; when rRaddgrsdon Deteckiqny i hekeRsddngnfn eF RE or HeA%h PT‘?&’F&buted
Iatency renma byrd hgsaReaG Ofhd | §Hterh8€ RABCTLARING HRDTEM
del ay o%&caf wn{:%%%fg)hlg éer gemand ‘on machaﬁfsms tahat i solate a 151(ijé
user's trafflmdmnddnrreabtpdr by neuverk or ehrfndgest\ ffhleephohénatioseeti easy
for exanple, should not be affected %1pano her

I nst ead at ed servi ces

hi gh- capa®i t yRXRART Whant . TREEHIRP ?¢at F‘Bﬁ HG tols F&F%cg:l% fapity
need to oper gisad£! Had! %e%iﬂe@nlhn.%rlﬂﬁbﬂg flexible, and robust networks.

Also, the shared medium allows efficient applicetion of new

- multicast protocols such as IP multicast.

A drawback of the shared medium is that it typically permits

10 only e single .terminel to transmit at. any time not utilizing
all network segments "effiéiently". A scheme allowing the
capacity of the medium to be reused may be designed, but this

is often at the cost of con\plexity, in the_____h_igh.-speed access
control hardware. Access control mechanisms for a. shered medium

.15 - also depend strongly on the size of the network_a_n_,_d_ are usually

efficient only for local area environments.

The two main types of network are connectlon orlented circuit-
swntched networks used for ‘telephony, " and connectlonless'
packet- sw:tched networks exempllfled by the Internet When a
20 'c1rcu1t sthched network is used for data: communlcatlon,
| c1rcu1ts need to remain open between bursts of 1nformatlon,
wasting network capacity. This problem arises because circuit
management operatlons are slow compared to dynamlc variations
in user demand. Another source of overhead in circuit-switched
25 networks is the limitation 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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amount, of information in;transi-t-t-o-benefjt fromthe increas W
capacity. This wll |ead-“te" [:&kger:: burst and trang % HEA!')S BEEN

i n"t he” networKk. Current - nestwotk$ using statel ess packet‘ ' h4C
protocols - the | P (Thtermet- Prot ocol ) have turned
extrenely scal‘gﬁﬁ . ey have evolved fromsrall networks 25 g{#l %%{ol

just a few DARPA (Defense Advanced Research Projects Agency) research
conputers in the md seventies to the current gl obal and ubi qui tous

I nternet. Shar edchediesndgtN befbbealtvansamissibiat wiirthersioch, dste@SMA 1D a
(Carrier Sense Milt i,plg Access/ Col lisi.on Detection, token ring and
FODI (Fiber Di SPPPBGFLARS8SBatRAT R e THEG S ePGENF K n BREOFntRE nAcArately
si npl e buil di ngreq; Bteakan@ORARKEeYd Ry’ Uiedl HePl1dit RS tol BRI R A bw
of easy expansion, low inCrenental node cost and tolerance to faulty
nodes has resubrecanrugted eheadexs bl Shearkhttsrustwactactess makel swali-tdme
zngLegsanlsm ?{e%gi\?eefdfilf%'i%ﬂrlta oI 'g@éﬁgﬂ: .Of Cgr?t_:\:/\és %orﬁu'é[\}oci%%%c%r %e% ?alnsisms

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 déveloptﬁe.nt_: of ATM (Asynchronous
Transfer Mode)..' ATM has been proposed for LAN‘s and many future
public networks. CCITT (International Telegraph and Telephone
‘Consultative ._(:ommittee) also adopted it tb 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 r)acket-switched nature of 'ATM means that the
network needs to have new Enechahisms such ‘as buffer resource
20 managers and link schedulers to establish real-time guarantees

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

Another solution fér .providing real-time gﬁarantees centexrs on
a circuit switched network and must therefore address circuit-
swii:ching 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 Transfer Mode), (see e.g. Christer Bohnm,
Perl Lindgren, Lars Ramfelt, and Peter Sjddin, 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-drawback - of. thg 'shared nmediumis tpat.i e _@.
si’ ngl e term naT to transnit at any t rm|313HEETHASzB )
3 Akl network  segnents  efficifentl yREPLACEBcheme allowing the
capaC|ty of %I umto be reused eyt put t hy often
at the cost“}o‘?&g lexity in the high- speeé access cont@sﬁgig war e.

Access control nmechanisns for a shared nedium 5 also depend strongly on

ermts only a

the size of the network and are usually efficient only for |local area
envi r onnent snetworkifige basedmpn Dipes GfmputesorNe twerksnandt iZSPNorSystiants,

CirCUi?' 24(2) :119-139, April 1992) uses channels as the communication
- abstraction. This channels differ from telephony circuits in
various ways. First, establishment -delay .j.s - short so that
5 resources can be allocated/deallocated dynamically as fast as
user requirements change. Second, they are simplex and so
minimize overhead when the communicatioﬁ is unidirectional.
Third, . they offer multiple bit-rates to support 1large
variations in user capacity requirements. F;nally, they are

10  multicast, allow:.ng any number of dest:.nat:mns

DTM channels share_many beneficial_properties-with circuits.
‘There is no . transfer of. control il-';f.ormation after ché.nriel
. establishment, resulting in very high utilization of network
resources for large data transfers.  Support. .ofl ~real-time
15 traffic is natural; there is no need for policing, congestion
control or flow-control within .the netsfvork.l ._.Tl';e control
information is s.epara_t_ed from data, .which makes multicast less
complex. The transmission delay. is negligible (i.e. less than
125 us) and there is no potent-'ial 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.

DTM 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 problems using DTM is that a data slot never can be
used by'twq nodes simultaneocusly in the network.

_—
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switched networks wused, fqr?fﬁe+epheﬁy and connectio
packet swi t ched netvvorks eke i fi ed 33783 ‘t%e I nternet. \Wher] THISISHEET HAS BEEN
cifcui't-switched netwolk._ is “diséd” for | data conmuni catfi on, REPLAGEDFUI t's

need to renaLgn) §§F2etmeen bursts” ofmlﬁ?ornatlon wa (
capacity. Thi ﬁ& m ari ses because circui# managenent ‘operati ons are
sl ow conpared to dynam c vari ati ons I n user demand. Anot her source of

overhead in-circuit-switched 15 networks is the limtation of requiring

symetrical duplexobjectchefinehs, inhentidnt foduce sb10¥ enaeheadbdeAN This is
i nformation flow is unidirectional. This constraint also nakes
nul ti cast agqqmml@§he§|W#Fbuatslo%dreuﬁqnmaﬁhaﬂ:andaﬁaran9¢m#nq<ﬁQﬁnbettex

connection|e5§1 Hﬂ%ﬁ%&o “%&C%%gggaeﬁggkg anancoﬁg ad' i égge&e

Baughf

resource reservétlon and nust a |nforna_?on %§ each nessa
bef ore transmtisi ahrohaghipoer tmr £he | BT NUatworka connecti onl ess
packet -swi tched network cannot be accurately predi cted and packets may

even be | ost et buffer over fl ow, or corrupted .,headers. ,The | atter

Pve oot or e 1 S1gt'| rRbsSrSEEpEtins ol (S | LRSI 0, Com R8s (A Fnding

;i_xo' danCﬁ mechapl $ blod@Rtdked Fgmhtalth Qn&hﬁéé”ﬁa@ém@téf@rdﬁﬁcﬂﬁ&% the
ese schenes

segment (s} between source and destination node, reserving block
token capacity only on the segment(s) between source and
destination node, and enabling simultaneous transmissions in the

10 same slot over disjointed segments of the network.

The slot reuse can also comprise merging two or more segment-
consecutive tokens, representing the same slot range, into a

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

The slot reuse method and arrangement according toxthé invention
15 avoids the problem mentioned above. The method let channels only
reserve capacity on the segments between source and destination
node. A single slot may then be used multiple times

simultaneously in the network.

A very important advantage with the invention is that no
20 hardware changes to the original. prototype implementation is

needed.

Another advantage with the invention is that it can be realized
in both a central and a distributed token management scheme and

in a combination of these schemes.

25 Yet another édvantage is that .-the performance_gain is clear: on
a dual-bus where source and destination node.pairs are uniformly
distributed it has been shown that throughput may be increased
by a factor of two.
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are, however,. limJded to operating o

rodnghat,ri p: packet:;del ay. To addr 'EHlSt%Eﬁa'r A¥ENtent i oned above, the
conﬁunlcahhons 30 |ndustry is focusinp

on REPLAGER opngnt of ATM
( Asynchrono r-ansfer Mode). AT '

proposed for E.QQ#"?%,O man
future %BIW etworks. CCI TT (I nternafi onal Tgl egr aph 'l?:m “Tel ephone d
Consultatlve Commttee) also adopted it to be used as the transfer
standard in B-1SDN (Broadband- Integrated Services 35 Digital Network). ATM
net wor ks ar e yeenagethen- agivantage ahdl that esicabperfommanzenelin tsin d% even

circuit-swi tched networks, but use smal |l fixed- 5| ze packets called
“cells for mﬁggpﬁa%poﬂther network designs; e.g. in ouble ring structure

'arable to the

with source -and : destination nodes .unlfqrmlyﬂ distributed
throughput may be increased by a factor of  four. Having
5 nonuniformly distributed source and destination nodes the gain

may be much hlgher

- Yet anothexr advantage is an improved performance when combined
with a defragmentation method returning tokens r.._o-.- their home
~nodes as a way to increase the probability that two consecutive

10 tokens can be merged -in the free poocl of the nodes, which

decreases fragmentation.
- BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in greater detail below with
reference to enclosed drawing, in which
15 fig. 1 illustrates a dual-bus DTM network, .
| - fig. 2 illustrates a DTM 125 us cycle with .a home node defined
for each data slot according to the invention,
fig. 3 illustrates a token ﬁap.showing slot humber and segment,
- fig. 4 lllustrates a slot- segment map show1ng reuse of slots
20 _ accordlng to the invention, '
o fig. 5 illustrates the performance (throughput and access delay,
respectively, versus offered load) for smailﬂuSet requeets
(16 kbyte) and for different minimum_accep;eble capacities
as simulated using a distributed token server according to
25 the invention, _ _ L :
fig. 6 illustrates the performance for small user requests (16
‘Xbyte) and for different number of allowed retries before
lrequest blocklng as simulated using a distributed token

'server accordlng to the 1nvent10ﬂ,

"
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4 - .transfer. The packet-~swi-tched-nature of ATM neans pibedetlo
network needs to have new!ABeHani K &W6H as buffer resour cf THIS SHEERHASBEEN

and 1ink schedul ers to éstabliFERifgal -ti ng guarant ees fpr a REPLAGEDON
i .e. virtual channel/patt:=== 5-~Another-~gol uti on for provid! e
guar ant ees ceYQ243H a circuit swtched®network and nust g’f’gf’%
address circuit- swi tching concerns such as descri bed above. A new
shar ed- medi um control protocol is also enployed, and so have conmobn
shar ed- metim7pAdBnskrates pacesh dadae@s whifyngeseyref aimudgtediveine

(Dynam ¢ Synchronous_.Transf £.0. IS Per
Lindgren, Lars Ranf%ﬁltn,g ar}ﬂd%ég'ltvgrg?gjag'aél%?&ﬁ%gﬁﬁ&gégﬁ?ggﬂ@ lﬁeot \%Fk,
Journal of Hi'gh Spegg d¥iidy lkad 202Fradflniabiod 94 @iithlatiohabsafayf B) Nthe
Lars Hakansson, and Bjorn Pehrson, Milti-gigabit net wor ki ng based on

DTM Conput er Net wotadragmentabiony sehepe acroxging) te) §hesdnvensian pogy)
uses fgfiggﬁtﬁyaii { e ORI . 38hE AR 1on RS 4 Al on' BESrEN AP i Ter
- o 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 |
10 ‘without slot -reuse, '
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 -
15 as simulated using a central token manager in a 10km long
dual-bus 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
20 long dual-bus bTM network with slot reuse accotding to the
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 feuse
25 .according to the invention, _ |
fig. 13 illustrétes.the performance for different bus lengths as
simulated using a distributed token ﬁanager with
defragmentation and slot reuselaccofding to the invéntion,
and S
30 fig. 14 illustrates the performance for different traffic

conditions as simulated using a distributed token manager
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vari ous-ways....Fi-rst, establishnent del Ls.short so fhat resources can.

be:al'l géat edi-dedi: 1} o!cat ed dynam cally §H|$SHEE|; HAS ngﬂel requirenents

change.:!"Secénd, they are sinplex and $o 20 REPLACEDZze oyerhead when the
connunrcathP bz |d|rect|onal P regh——t=irey 748
bit-rates 3 upport large variatior¥s in user capacily requirenents.
Finally, they are mul ticast, allow ng any nunber. of destinations.

DTM channetl s share many beneficial properties with circuits. 25 There is
no transfer of ifaoatdedl-bud OIvhneaworkf wéth déframmentatdshabhdshient ,
resulting in very hi h utilization of network resources for |large data
transfers. SupporFeBferSFeXdipg to FP&fFPBeP§1ﬁﬁtural there is no need for
policing, congestion control or flowcontrol mnthln t he network. The
control 30 ipkoAREED BESCRIFANON OFdEMBODIMRRAs Whi ch makes nul ticast |ess
conpl ex. The transmi ssion delay i's negligi-ble (i.e. less than 125
[err]s) and there |S|u)¢#$ent|al for, data | oss because of

overflow as Fa*arm the oVAF ot (MedduBe RFRES h€°ntr‘tﬁn)dePF9Fﬂ§°1| WF&ll be
technologlesdeggglﬁgﬁgcQﬁé Paeid WY0138Y 'ABla DIM network is a bus with

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

10  into a two-dimensional mesh. A node at the junction of twe
| buses 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.

15 The DTM medium access protocol is a tlme d1v1szon multiplexing
scheme. The bandwidth of the bus is divided 1nto 125 ps cycles,
which in. turn are divided into. 64-bit time sJ.ot_s (or slots for

. short) as illustrated-.in_fi_g..__z. The number of slots in a cycle
thus depends on the network’s bit-rate; _for___;'._nstance, on a 6.4

- 20 Gbit/s network there are,apﬁrox;mately 12500 slots per cycle.

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
25 used to transfer'.user data and “are not “interpreted by
' intermediate network nodes. Intermediaté nodes are nodes

between the source and destination.

_—
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35 due to strict reservation-of--esew.ces at channel sett

show good performance ih’ areasiwhere Edditi onal circui h@ﬁ&ﬂﬁﬁl{dﬂ\s BEEN

networks fall short:{ dynahie “Bandw dt h al | ocBEPIAGED
channel esta ment delay, and as—shared nedia net wor k e
article "Ml t%‘%"%t net wor ki ng based on :D)TM A DTM T%'B’ﬁF%{P&

t echni que with dynani ¢ bandwi dt h-al | ocation", by

10 -

15

20

25

30

In each network node there is a node controller NC, which
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 requests and in the

background.

Control slots are used exclusive1y~for messages between node
controllers. Bach 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
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 zrestricted to a dual-bus, but can be
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 the.DTM
dual bus in the prefered embodiment is divided into 125 ps
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.

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
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| THIS SHEET HAS B t ed nmanagenent
pr pt ocoI;;ia,ccGr'di ng t'o which the time |sl ot SREPEACED di stlri buted evenly anong ’
t he-nodes: Thl s |4g})| ies a conpletely } SYTITETT 1 Cal SYst enpersebgio17adMVARY
OF THE | NVEN® One of the problens Wsing DTMis that a data sl ot
never can be used by two nodes sinultaneously in the network. The
object of the invention is to solve this problem This is acconpl i shed

with a slot pgHeeclEéAObRNGITt atgpienst {or . wkem@ttépr ushoTat | gn nefe
shared |links and _consequent] .|ncreas f th thro ut_,in
- the DTM net wspntronerTH‘@Ysl‘ﬁ’f"‘n}'/%ugétﬁet P 1%r © (Iirrg ng tﬁgg& ‘erl
thoughput in arrespg;gm.ﬂst WKenCOMpid SeskkhAe ﬁr@tb@ﬂlnq;ﬁxw&ees the slot

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

5 not write data into the same slot.

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 numbexr. of parameters. This means that if a user
10 requests-_a large bandwidth transfer, it may be necessary to
send several control messages to create the channel. This

_ introduces extra access delay and consumes signaling capacity.

We are eonsidering several mechanisms to decreasé the amount of
1nformatlon that needs to be sent durlng channel creation and
15 token reallocation. The first optlmlzatlon in token management
is to introduce block tokens. A block token is transferred in a
gingle control message and represents a gtoup of tokens, but
can only be used for partlcular combinations of  tokens. For
instance, in the simulator a block token is denoted by a slot
20 . number and an offset giving the number of contiguous slots in
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 protocol guarantees that a data slot can never be
.. 25 used by two nodes s:Lmultaneously on the bus. Sometimes this
protocol is too conservative. Fig. 3 shows an example of how
three tokens (A, B, and C} are _reserve_d for three channels.
Nodes are connected _by bus. segments_and_ channels typically use
a subset of the segtnents on the bus (gray color) and the rest

;30 are reserved (white colox) but _lle.f_,t unused and thus wasting
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- that.the DTM bl ock token.fornmt.is.extended to include 2@

descri bi ng

- fhat ‘the block token capacity:
bet ween sourc
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sti nati en-node;. . «.... that two or nor
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into a single token when existing in the free pool of a node, and

- that sinmutaneous transmissions in the sane slot over
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conprise nerging two or nore segnent- 30 consecutive tokens, representi
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of a node.
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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
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
{Distributed Queue Dual Bus), Simple. and CRMA (Cyclic
Reservation'Multiple Access) depend on control information in
the slots. Buffer insertion lnetworks 'when_ combined with
destination release as in METARING may reuse capacity of
individual_lihks and resolve eventual contention by delaying

the incoming packet stream through an elastic buffer.

With slot reuse, the access scheme complexity is increased,
regardless of whether it is dome 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
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 ﬁhe invention extendéd to include parameters describing the
segment (s) it is representing. The token management protocol is
also according to the 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 gquite clear: on a dual-bus where
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The -slot- reuse ~mathod and arrangenent according to the i nvention

avoi ds’ the probl em fenti oned above. STF' EE’F‘HAStBEEN '

6 chansigl’s only reserve capacit Eetween source

and desti na 2. A single slot ltip | Qes
SRR, Epmst

si mul t aneou e networKk. A verys irrportant adv
the invention is that - no 5 hardware changes to the original prototype
i mpl ementation is needed.

source -and -destination pairs are uniformly dlstrlbuted 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
5 destination nodes uniformly distributed throughput may be
increased by a factor of four. Having nonuniformiy distributed

source and destination nodes the gain may befmnchehigher.

The potential drawback of slot reuse .in a DTM network however,
is. the higher_algorithm compiexity and eventually higher load
10 on the node controller and signaling channels (especially if

the average channel duration is short).

Two token management schemes have been evaluated. The flrst and
slmplest is to let a sxngle node controller manage all free
.tokens for one flber. This sort of centralized server mechanism

15 has also been used.in'systems.suchﬁas CRMA, where the head-end
node distributes the fiber capacity to all other nodes. The
simulator was .configured so that for each_finer 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).

20 This corresponds to the mid-point of demand for each of the two
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
25 the channel 1life time. When the user issues a reguest to
disconnect the channel the tokens are returned to the manager
immediately. All requests are delayed du:ing the token request

and accesses are serialized through the central manager.

This Sheet Has Been Reﬂlac

PRSI R AIEIR IS L L SIEmESRRSIeaL 0 o0 L D RCIRETEEIN N L. s e e = s




Anot hey advantage with the | ny..e_dt..j,,.Qr,l.,k._.i,,s. Lthat it can be reali Z
a central and a distributed teken: nanagepgnt scheme and iE!Fa"S SHEEFFEAggg BEEN
‘et another advantage is t 18

cofbi nation of these scHenes.; '
performance gain _is clear:on~ —~a--dual-ibus where source _and

destination MHRA&244 (s are uniformy gistributed it haSCHEEMLHBun
t hat throughput may be I ncreased by a factor of two. - Yet anot her
advantage is. that the performance gain can be even 15 higher in other

network desi , .y a _ - ) : »
and desti na??%eﬁ dfﬁgregbpﬁ%i ?%)?%]341 shag écfin gtsr l‘fll)lﬂlta %@H%g%ﬁ’éh‘*ﬁ%{@ﬁ,@é&%a
i ncreased by athast otheof dentiralizeddaviieg tpiedi ftay nikeeg stiti bak ecsRmpllece as

~and destination nodes the gain be .much, hi gher. _20 _  Yet_ anot her
~advantage i s aPCFRPPYIedIPePVSr r%%’&"g’%’?é’r‘f’hcd?ﬂﬂ% gulaxhy proadcasts status

defragment ati thgs i &1 ﬁﬁaﬁﬂghwkﬁ&‘ﬁytfréé‘eiéké}@’t‘it had'008% 1 hbded
I ncrease the probability that two consecutive

5 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-

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

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

10 . request, it allocates the reqﬁested amount of slots to the
user, aﬁd starts the channel by sending a channel
eétablishment message to the destinatioﬁ node, and then

transmitting data using the reserved slots.

2.0therwise the node' marks its available tokens as being

15 = reserved, and then checks its status tabie: if the total
amount of free fokens in the network is not enough to fulfill

ﬁhe request, then the requést is rejected (blocked).
Otherwise the node requests tokens from nodes with unused

capacity.

20 If one of these nodes reqeiving a tokeh request does not have
the requestéd amo_uht of free slots, it still gives av;ay all
of the slots it has. In.any case, it sends a response back to
the reéuesting node. A node fulfills incoming requests in

strict FIFO order.

25 When a node receiveé 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 respdnses to all
requests it has sent, it either starts the channels or

rejects the user request, dépending on whether or not it has
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‘toKehs™ can,. be- ﬂerged in the free pool_of the nodes, which decr eases

jfragnentatlon " 25 BRI EF DESCRI PTI Qix
WLl be described in greater detail

The i nventi on

dramnng, in which fig. 1 illustria » M net wor k fig.
2 illustrat X037t 125 [err]s cycle with qshorre node defi nggl‘@g%lorm for
each data slot according to the invention, . fig. 3 illustrates a token

map showi ng sl ot nunber and segnent, fig. 4 illustrates a sl ot-segnent

map showi ng reuggnAfred Olsufficient ACGYAUNG 10 1he LPWeNLlon, request is

10

15

20

25

rejected, the reserved slots are.marked as free again.

At startup 'all free tokens are evenly dlstrlbuted among the

network nodes and each node takes at least one of its free
tokens, moves it (them) to the . actlve state and declares it
(them) to be a control slot. User requests may now be acceptead

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

pendlng token reallocatlon An optlmlzatlon we have 1mplemented

to remedy this is to also perform slot reallocat:.on in the

background Thls results in less need to reallocate tokens for

small to med1um 31zed requests.

The pool of free tokens may be dlstrlbuted in 6ther ways than
evenly to 1ncrease reallocatlon success rate and utilization.
IE fewer nodes are managing the pool channel blocking

decreases as a result of a lower probablllty of token

'reallocatlon failure.

The complete token pool is in this case dlstrlbuted
proportionally (nodes close to the slot generator' get more

tokens than nodes far away from 1t) among all nodes. Token

transfers may occur between any palr ‘of nodes’ instead of always

1nvolv1ng 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 requests are well matched to the pool
distribution no reallocation'will ever be necessary.
Several questions need to be answered before deciding how to

dlstrlbute the token pool The follow1ng issues are addressed:

heet Has Been Replaced
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7 .fig. 5 illustrates the performance (throughput_, access

del ay, respectively, versus; offerqg_rqi_:r.:g-gg“) ~foF smal |l user HEETEQAS BFEN
(16 kbyte) and for di fferent “rhEmim ""‘cep ’aBI e C Eg'g’.?ﬂ@ ACED

si mul at ed usi. a dlstrlbuhed tokeniserver accor

n
i nventi on, “ﬂ) 6 illust

(16

rates the"perfggnance for small

kbyte) and for different nunber of allowed retries before
request bl ocking as sinulated using a distributed token

server

according to 4hGnLHVeBEL® N resources in the node are not enough to satisfy a

user recguest,

" tokens?
2.1£ a node asks
is it going-to

if it receives

which other node should be asked for more

for tokens from several nodes, how many tokens
ask for and should the node reject the channel

a fraction of the requested capacity?

3.1If tokens move freely among the nodes, will the token pool be

fregmented into small pieces and ‘render the_ block token
optimization scheme useless? |
10 Status decided to be

messages were

used to distribute
1nformatlon about the pool of free tokens Status message
information lS used to help a node choose a suitable node when
asking for more resources. This method addresses the first

question above.

15 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
that wants more capacity consults its status table to decide
slots. The broadcasted

from which node to request state

20 information gives an approx1mate and dated view of the current
state of token 1nformatlon, so token requests may be rejected
because they were sent to nodes that no longer have tokens to

give away.

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

25 system will work even if they are out of date or not available.
They should, however, improve the success rate of reallocation

procedures.
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10 fig. 7. illustrates acess delay as a function of sinmulated tine

usi ng - A); theﬂdefnagnentatlon scherpe &6
no: fragnentatren at Slnulatlon st
accordlng t9-tHe..i-nvention and

and MOR
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10 illustrates the performance for different
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A node uses the status table to pick node(s) from which to
request tokens. When the request reaches the target node the
amount of available capacity may have- changed and a smaller
amount than requested may be returned to the request:mg node,

resulting in a user rejectlon.

This behav:.or results in even more unnecessary token movement
and t:herefore also J.ncreases the probablllty of other nodes
rece:.v:mg fewer than requested tokens. The tokens that are
moved in thls case are also 1ocked and unused durlng the

transfer

If the pool is dlstrlbuted proportlonately among a large number
(100'_s) of nodes, the average pool sn.ze w111 be relatlvely
small. When the load is h.tgh the number of free tokens in
pools decreases even further. If nodes also create and destxroy
channels at a very high rate, the amount of free capac.lty in
1ndiv1dual nodes jumps between hav:mg a small amount of
capac:.ty and having none. Now; Cif the average capac:.ty

requested by a user is large compared to the number of free

. tokens of a node, several nodes need to be asked to fulflll 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.

There are several ways to address thls problem wz.thout going
back towards a centralized model. First, we may not give away

any slots at all when the complete reguest cannot be fulfilled.

B

This Sheet Has Been Repl

AW

T L A R T M M ST = et b - R e - T TTU LA LAmATM L mer 4 e e e e . e o em e e mtveen rr e b

i

i nventi on and

mantation at . sinul ati on
1748



inVenti.on,‘ fig. 11 illustrates the. perfoumance for different packet

si zes as sinul ated Hsing a cantrdkitoken manager |r1-ms

| ofg dual - bus DTM net wor k W th skat guse according to 30 }the gg‘ggﬁ( AS BEEN
fig. 12 illustrates the perignnance [ dlfferent packet si

si mul at ed usiW@9%248#4t ri but ed t oken managerlbn a dual - Pcmawm
network with defragmentation and sl ot reuse according to the

i nvention, . 8

This protocol applies if only a single 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 tokén
request, we receive fewer tokens than we regquested we may
S simply retry the token request procedure several times. This
will increase the probability of accepting a user request and
that received tokens will be used. The cost of retry will be
increased signaling a_nd increased access delay', and it may
wofsen performance in an overloaded network. Also user retry
10 ihtrod_uces longer -seﬁ-up delay foi‘ requests that aré retried.
Third, the user may sometimes want to accept a channel with

less than requested capacity instead of being reje?:ted.

If, for f-:xa'mple, a user 'receives 50% of the requested he may
want to accept. In fig. 5 throughput, which is the ratio

15 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

20 slots), and 5% (1 slot)] are plotted versus offered load. A
lower average minimum acceptable bandwidth will result in
higher throughput. In fig. € 'is shown the performance that
results if user (requesting a 16 kbyte data transfer) retries

up to 8 times before the request finally is blocked.

25 Utilization increases '(.and blockihg decreases) at the cost of
more s:Lgnaling and longer delay. Ret:ry:.ng a large numbexr of

tlmes is counter product:.ve 1f it happens frequently

Clearly the benefits of a flexible user request policy, is
lower probability of being rejected and higher overall

30 throughput. Either of the configurations presented in fig. 5
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~fig. 13 illustrates the perfornmang d| fferent bus |engths as,
si mul at ed ; us-l-"ng 8, El stributed toke WH[QI’SHEEI" HAS def ragment ati on’
and "~ sl ot.., euse ‘according to © REPLAC FI% tion, and 5 fig. 14
i 11 ust.rates.the performance for di ' condi ti ons as
si mul ated uSYQ§” stributed token manager,q in a duBFT/SESOLME
network with defragnmentation and sl ot reuse according to the
i nvention.- DETAI LED DESCRI PTI ON OF EMBCODI MENTS 10 First, the DIM

MAC (Medium Ep)];) 0 ?i- cribed. The
t opol ogy of aiﬁﬁli%s%etv\or e, euésﬂfvﬁ A ar[rti"?ral}mt S‘r eSFi BniPEE Cak“ usexr
fi bers conneaidatg tald stodes alenuaads oﬁheh/édcapaa‘:igy flor Se\tHadnelUaS§s rit i)
di fferent speeds _may be connect ed together to forman arbitrary
nul ti st age néfttork . epRuUgh capacity is allocated,  but .another ~may rather
.accept .a channel with less then the.requested amount. For the
5 rest of the simulations presented here the minimum acceptable

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

In the generai case,'uthe average number of :COﬁtiéuous free
blocks in a node is small, due:to the raﬁdcm movement of tokens

and the varylng capac1ty of users request This’ fragmentatlon

10' renders the block token opt:.mlzatxon pract:.cally useless, and
' the access delay is relat:.vely long (mn.ll:.seconds) for high
capac;ty channels. To make block allocation eff1c1ent: it is
‘necessary to reduce :Eragmentat:.on_ of free tokens, otherwise
fragmentation will be by far the main contributor. to access

15 = delay for high bandwidth channels at moderate to high load. Low
. capacity channels will almost always have a very short channel
establishment deléy independent of thehqcurrent_ amount of
fragmentation. In the case of slot reuse; the fragmentetion

_ problem is even worse, as fragmentation may occur in both slot

20 (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

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

A dlstrlbuted scheme' that trles to avoid fragmentatlon if
-possxble 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.

30 The scheme works as follows:

\

This Sheet Hasg

IR

= "o"\_.rf-]'s-.m-.-q.-v.- [ R S

+



15 the current prototype inplenentatiaon, buses can be combined into a

synchronously switch data sI@ts bgt an ‘t*hea t wo busseg.

two- di mensi onal nesh. A node at_the:juncti.on.. Qf t wo busé THﬁgHEET EAS BEEN

for efficient switching with const' intsdelay © ¢ through the
primary conmiNQ¥2dsddn abst r act.i-on.-i-n--DFM - 20:- ‘s a nulti-rat ePCIVEEIGHCHSt

channel . The DTM nedi um access pr ot ocol 2?5 a time-division multiplexing
schene. The bandwi dth of the bus is divided into 125 [err]s cycl es, _
which in turn_are_divided into 6 -bi time slots (or slots for short) as
“illustrated in-PeEine arpemtinBefeoifay oeachn t’é’k@}’c 3t 2981twe§kdeqyé\mponand
the network's b E@il@uté oEokgﬁgagﬁe, ol g €] hgre are
approxi mat el y 125%0 slots per cycle. s aqhe S ofsg arotéJe % SnoSame

groups, contr ol hehet podad wddfa alwama)téefﬁmnt aolcomltahaoalse sls:e:d :t-acnge’ir IYhis
messages for the net wor kdf internal o tion, such as, messages for

channel 30 estaﬁ??%}w%nina% el R A a‘f‘? RAtTETR hethst BokEB BaR r ghown
used to tpansfeinusgf. dpfa and are not interpreted by

2.When two slot-consecutive 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

10 before a slot number merge. (The reason for this is that
tokens spanning over just a few se.gments are less useful to

other nodes than tokens spanning over mainy segments). Two
segment-consecutive tokens, representing at least partly the

same slot range and existing in the free pool of a node, are

15 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 seghént number dimension

20 (see fig. 4). The value 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 alsoé be defined as a function of e.g.
number of slots, number of segments, location of ‘slots and

25 location of segments, which function should be minimized,
however, still fulfilling the rquested capacity. This
mechanism can also be used by the servers when using a

centralized token manager.

4 .When a node needs to téquest tokens from other nodes it does

30 not ask for small chunks from several nodes if it is pbssible
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intermedi ate network nodes. Internediate nodes are nodes "bet ween

t;he.source.. and destlnatlon ' |n_each network node there is a node

cont roITer ‘whi ch 35 control s| TiNe SYEES ﬁAS‘BEﬂgt a slots and performs

net wor kK ' REPLACED managenent

oper ati ons, Whymmetv\or k star recover y.PCIVRESGRL74B t asks
of the node controller are to create ardd t erm nate channel s on denand
fromusers,. and to manage network resources in response-to user

request s and in the 5 background. _
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 5.Free tokens are sent back to home nodes when they have been

idle for a significant time or after a long transfer.

.Thls scheme returns tokens to “home nodes as a way to increase
the probablllty that two consecutlve tokens can be merged in
the free llst which decreases fragmentatlon If home node
10 grav1ty" is too strong the scheme w111 result 1n less sharing
of resources and.'unnecessary' s1gna11ng If it is too weak,
fragmentatlon w111 still remain a problem. The “grav1ty” may be

changed during the operatlon of the bus.

To evaluate tlie defragmentation mechanism we did another set of
15 simulations Three different simulators [A, B, C] were
configured. Slmulator A was conflgured to have no fragmentatlon
at s1mu1at10n start tlme and to use the defragmentatlon scheme
descrlbed above. B did start w1th maximum fragmentation of the |
complete resource pool. All tokens had a s1ngle slot and no
2.0 ' .tokens in the “home” nodes before the defragmentatlon mechanism
was turned on. Finally, s1mu1ator C was started without using
the defragmentatlon mechanism and w1th the pool having maximum
fragmentation. In all cases slot reuse were turned on and load

was defined to be 80%.

25 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 the delay increased:as the signaling channels
became overloaded end message queues grew. Simulator B using

the defragmentation mechanism starts just as bad as C but
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Control slots are used exclusively for messages between node

controllers. Each node controll.er. .has. w.it.e..permssion to gﬁ E 1 @ﬁ
control slot in each cycle thatit-usesid @i%—b."rioadcast ﬁ g%ﬁg 1 _
down-streans to other nodes: Sing i.te 10 atcess to congrol Q

‘excl usi ve, twe omassaqcont rol Fer-—— -al-ways--has’ access to ilS POISEN&01748l Ot S,
regardl ess of other nodes and network |9ad. The nunmber of control slots
a node use . may vary during network operation. The network is

not restricted to a dual-bus, but can be 15 realized by other kind
of structuresalready afténgl@imikhigarsondsyithle avexapetacesshdeday dis bedeow.

The transm ssj nmedi a_can bes| des éo optical fiagr be cQa igl cabl es
or any other APGNTiCTBERARAAEN LRERE LSRRI ReAREonfepEafabhiphed cine Bas
transm ssion greiéa thei |18 barvel anmedtt ojcingdpii gak.f ifher onvirydangii ¢l

of the DTM 20" dual bus in the prefered enbodinment s divided into 125 ns
cycl es, whi chrénfoumanee cofi el i 34 Syprtipgewstbeut ame fragmepsation

I's not regtrigée%ff2[gﬁ@n%%ﬂggggeﬂ@&héﬂgéé\ﬁéﬁgﬁé on the amount of free
capacity. in the network and therefore also on load. The load
during all these simulations was 80%. The dJefragmentation
mechanism clearly improves the access delay and also makes the
block token optimization meaningful in the distributed

10 implementation.

Two kinds of performance measures are of main interest:
utilization'aﬁd 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.
15 Access délay 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.
20 First, each node is assigned signaling capacity in the form of
| éontrol slots, which means that there are fewer slots available
for data transfer on a bus with many nodes, givéﬁ fixed 1link
capaéity. Secondly, token reallocation incurs overhead since
while a slot token is being reallocated between nodes, the

25 corresponding slot cannot be used for data transfer.

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 deléy [5 us)l, delay in
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but can be used in networks with cycles and slots of arbritary Si zes.

25 Principles for: "Tesour ce nmanagengnl call ed token managenent) will be
descri bedbel ow. . The majority of TI'IIIS ﬁ#EFTSHAS‘BESN cle are data slots.
Access to- data SI__o,ts :changes over N g to traffic demands.

Wite accesswe i's cont rle glans (or t ORCHSESHI748
short). A node 30 controller may WWIte data??nto aslot only if it owns the
correspondi ng token. The token protocol guarantees the slot access to
be conflict free, which neans that several nodes do not wite data into
t he sane sl ot £indindgoahdolalloessiggs friewr cakemramell0@spabl i yaibhng &od the
“bandwi dth 35 real |l ocation carry set of slots or tokens_as ranetgr
However, a cofiref medddgdles 6anbrel m%aﬁotmoié '

- waiting for the first allocated data‘slot to ‘be filled with

finally

user data [62.5 psl. In addition,  messages are delayed in
5 qgueues 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 51mu1at10ns where DTM 1s exposed to traffic
patterns that are more like the relatlvely short lived

10 transfers (4-4000 kbyte) seen in computer communlcatlon W1ll 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

15 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
1ndependent operatlons 1n1t1ated by the user. For example, a

éb user that knows that a transfer is about to take place may
o “hide” the channel establlshment delay by requesting a channel
in advance, 80 that it 1s already establlshed when the transfer
starts Between a setup and teardown, the capac1ty of the
channel is completely reserved for the user. The most straight-

- 25 forward use of the channel 1s for a 81ngle transfer, such as a

flle transfer or a video transmission.

‘Depending of 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

30 messages such as ATM cells or IP packets (this is similar to
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10 only a small nunber of pararreters -..this means that if a user
requests a | arge bandwi dth transter ; [+
several control nessages to: creat'-e channe1 Thi s
access del ay and consumes siignal it ng ,_,--am,eicjtyw 5 W are
several mechyemigdso decrease tthe ar i nf or mat i onp
be sent during channel creation and t okedft real | ocation. The first
optim zation in token management . is to introduce block tokens. A block

token is transferred in a si ngl e control nessage and represents aeﬂéoup
of tokens, butudihgam smigleodLfer vdd & tradfaf EondnmdTi ot ¥rth

F t th | at Ked, b |
nairber " an‘%??rgéqm gi gfsfllggtuhamuo‘{tacg f con‘%&? S Q@ QBSQS yt% S'@fferent

and an e nu uous S Otg
destinations can be mult:.plexed onto the channel. This means

that each message will reach every receiver on the multicast
5 channel and receivers must be able to filter 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

sequence.

10 This type of user behavior is not incorporated in the
simulationsi, 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
15 allocated, even - before the receiver receives the channel
establishment message. This is called channel establishmentf
The receiver will -eventually respond with a control message to

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

20 e Packet size which is the amount of user data transferred
between channel establishment and c'hannell release. We

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

. Réquested capacity for a channel, which is the number of

slots that a node tries to allocate. For all the simulations

25 in this paper the requested capacity is fixed to 40 slots or
20.48 Mbit/s.
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t he group. The bl ock token optim zation assune that the token pool is
not . fragnent ed-i-pt-0-smal | pi ecesf s erred 15 to as

f ragment.at i; ottt he token pool . HAS BEENrjot ocol guarantees that a -
dat a sl ot ;cari“never ibe used wﬂﬂ%ﬂﬂﬁDsinultaneously on the bus
Somet i mes” t M&924844pr ot ocol is too conservgvesFig. 3 s FEASERHM24B np| e
of how three tokens (A B, and C) are ‘reserved for three channels. 20
Nodes are connected by bus segnments and channel s typically use ~a Ssubset
of the segnents on, the busgég;gﬁﬂcolor)_and t he res% are reserved, |
(white col or)® HEARIWHR GRG Il FRERCHESt | Agnode BRQFKR: pedmavest f it
better alternatyi ' e y e ¢l t

seqment o bot woerLERE Sodar e Lo Shrref 2SS T LA kol Ty BB yro,
singl e slot naysé rox G slowadaosé oselOkubfi péguastess capachieybus. Channel
D and E are using the same slots as channel A and C but on different
segnents. This is referred to as slot reuse. Slot reuse enables
sinultaneous.Tr%ﬁ@ﬁﬁ?&ﬁ%ﬁ%?%ﬁ1.the same sl ot over disjointed 30 segnents of

t he” bus." N ’

5 e Destination address.

The source _aﬁdh'destinéﬁion addresses _ate  generated randomly
(all hbdes with thé .same probabillit.:y) | and user inter-arrival
times are exponentially distributed. | The- simulations
investigate the effect of signaling capacity - and- slot
10 reallocationfoverhead'on utilization, channel set-up delay,fand
blocking. We simulate varying traffic c¢onditions, for a

topology with the following charactéristics:w“

e A dual bis network with 100 nodes. Even™ though it is
theoretiCallY'possible'to connect many more nodes to a bﬁs,

15 we think that management of netWorks with more than 100 nodes
on a bus may be infeasible. ° With 100 nodes. the capacity
sharing is sigﬁificant eénough to exercise and test the token

management protocol.

_ e The capacity of each bus is 6.4 _Gbi_t_/s_. We believe this is
20 realiétic for what is feaiizabl§ within alyeai.or twé; 2.4
Gbiﬁ/s optiéal links have béen.gvailable for a few years, and

.10 Gbit/s liﬁks'have been.annduncéd to'éppear soon on the

. market. 6.4 Gﬁit/s corresponds ‘to 100 MHz slot rate, which

is the rate at which the slot -processing MAC hardware would

25 operate this speed attainable with current CMOS technology.

e The total signaling capacity is the same for all nodes but

the slots are partitioned between the two fiber directions
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Slot reuse is a general nmethod to better utilize shared |igks Lo ring

and bus networks. The sl ot reuse al-gori-thms-in, DODB ( DIISTHISISHEET HKSJBEEN
Dual 'Bus), Sinple and CRIVA (Cycli ”ﬁ*JRe§ervat|on ti pl QEPCAGED)
depend on control information in B&ih’é‘sl ots.}{Buffer ins -
when conbi ned Wi ¥#24844 dest i nation Téreasé” a& n METARI NG nay RCIFFORQLIRcity
of I ndi vi dual |inks and resol éleventual contention by
delaylng . the incom ng packet streamthrough an elastic buffer.

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
5 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 K of the effects of

10 'propagai:ion delay in simulations with different bus lehgths

are presented in fig’s 11 and 13.

e Two différent 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

15 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
coﬁpared to the simulated performance. The maximum theoretical
20 performance is also used in this paper to compare the different

schemes and implementations we are evaluating.

The maximum throughput of a dual-bus systerﬂ without slot-reuse
can be defined as twice the 1link capacity, given that both
fibers receive the same traffic. In a system with slot reuse
25 the system throughput also depends on the source destination
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
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Wth sl ot reuse the access schene corrpl exity is increased, regardl ess
of * whet her- |s ‘derde in hardware S pl e, and CRMA, or in
softvvare as ln DTM When i npl eny E&N s ot her than DTM sl ot .
reuse-al so add . conpliex hardware| bl hi gh-speed path through
a node and tWePrp#ie i ncrease oJo[SHE: To . RCWSEIENMS 1 euse
in DTM the bl ock token format is accordl ngf710 to the I nvention extended to

i ncl ude paraneters descrl b| ng t he segnent(s) it is representing. The

t oken managerémﬁm % (1 w | so a to the invention nodified
to avoi d corffHi*dt © L‘lsﬁé’gsﬁofeﬁﬁﬁﬁ ?’brf“aoféaﬁﬁéq)l wherehshseyment
di mensi on. . B@uestgmghrggp(ﬁﬁaqueqs_,suwt v hg that mp d(y%; ges.to
the 15 original prototype inplenmentation where aIIo (fec&m and

per f or mance fenrliio|capagdtyeisl vat: aohotatlmdeelbuesemmht graphr 6¢ ang.

destination qair 5 Lformdy di.stributed.it has been shown t hat
t hr oughput may bgtengfzégééﬁ byéla 1’1<'§§tor'EI . 19ealrhgasey t RardncEraifac

can'beieyenﬂehﬁvmhg nlakeertes WK 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 1ower1ng the.

available number of slots to be used by data transfers. The

'random generators for the DTM system do not'generate exactly

10 the same amount of traffic in upstream and downstream
dlrectlon This may result in blocklng in one of the dlrectlons

when capacity is available in the ‘other." During channel
establishment ~resources may be locked unuséd momentarily

wasting some capacity.

15 In the case of central token manager the tﬁb-managing nodes
need more signaling capacity than othér nodes (Eight times as
many control slots to a. server node than to other nodegs are

assigned) .

Results of the first set of simulations are presented in fig.
20 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
the full .capacity of the changel cannot be allocated, the
| request is rejected and tokens are returned 'ib the token
25 server. Packet sizes vary from 4 Mbyte to 4 kbyte, at which

p01nt we begln to see throughput degradatlon

Throughput degradation may occur if processing capacity in
nodes or control channel capacity is too small. The server
nodes may be especially overloaded. The rebult is that queues

30 containing control messages start grewing vefy'bigiﬂThelcontrol
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20 designs; e.g. in a double ring structure wth so
destination nodes uniformy ﬁ]§pt?6ut£d=ﬁhﬂgudhput'nay be
afactor of four. Having nonuni formy 4 sthib%ted
desti nation nodes the gain nmay.be. mich. Higher. p
" of slot reusavon7248BITM net wor k however, 25 %g t he hi gher al g&GISEP§/01748
conplexity and eventually higher | oad oh”“t he node controller and
signaling channels (especially if t he average channel duration is
short). Two token managenment schenes have been eval yated.. The first
and si npledtens ¥epresent spRRFed nGRACHY r AP PREFRLRF % t1G reF otghput
tokens for onfsfééﬁxedggns sort of centralized server nechani sm has al so
been used in Sys such as CRVA, where the head-end node di stri butes
the fiber capacity to all other nodes. The si mul ator was configured so
that for eachifiitize 4 kioglee aprx channgld simuliedignsy abe FPBRYPhecapanity is

gener ator was token, server (wi.th_100 pede ' ode., 33_ang. 6 f
be token serveprg). 1iMiTARG °fté’§poﬁ‘a‘ t%gt h@o%]d?cﬁg#}i&of gééﬁ%ndg?%gn%ia%%
of the twg 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
mechanism improves the performance of the system. Throughput
increases by almost a factor of two before any significant
10 number of channels are rejected. The uniform source and
destination distributions of channels 1limits the amount of
increased capacity gained by slot reuse. It has been shown that
if the source and destinations are generated evenly;'as we do,
throughput may be doubled on a dual bus. In the simﬁlatioﬁs it
15 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 channels
being rejected. The channels with the highest probability of
being rejected are'thé oneg that use many slots or segments.
20 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.
Throughput degradation occur at an offered load of 1 with the 4
kbyte'trénsfers. Even if enough resources were available in the
25 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

simulations at an offered load of 1.8, for the same reason.

1t may be concluded from the simulations in fig. 10 that the

30 L,slét reuse mechanism almost doubles the system throughput with

A MCTA
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12 unidirectiopal fibers such that a token nanager wi Il have the
sanefaﬁnunh=0f, af ¥ic on both | ?, me a user request arrives

at: a-node; . the node’first quest t he manager and then - .
| acks. thentthroughout 5 the chtnnnl en the user issues a
request to WO%XIR&dbnnect the channel the bekens are ret urn®ETISEIGB
manager i medi ately. Al requests are del ayed during the token request
and accesses are serialized through the central manager.

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.

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- fig.. 10 and the
theoretical values in fig. 8 it is seen that even short bursts

10 (a few milliseconds duration) can be“supported efficiently.

When a single token server is ﬁsed each channel establlshment'
first requlres a token to be requested from the _server before
the node can establlsh the channel. If the length of the bus is
lncreased the token request will take a longer tzme and may
15 therefore also limit the throughput and 1nqrease 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

20 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¢esteblishment phase may be

amortized over a  long data. transfer phase. Channels

25 transferring large amoun_ts 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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The distributed token manager..is.fundameastally nore conpli cat ed 10 than the

centrdlized. W tried té) ckeep:i't © akidicipl e as = possible E EEEN
each node regularly broadcasts ‘Stsat ¥s - -!information abou how

tokens it has. The other-nodes -+ storeg this information i

tabl es. A nodewoimisss4 wants nore capacity_consults its statRCI/SEINE4S 0
deci de from 15 which node to request sl ots.3%he protocol on the initiating
side works as follows. Wen a user request arrives to a node: 1.1f the
node has sufficiently many free tokens to satisfy the request, it

al | ocat es t he Usdggedt een&ﬁﬁ&h{ﬂeéft%k%smqr@aeﬁe has sevgzal, befaﬁﬁlt%t Flients

the -channel na ybesgggblilg a8 tﬁ@ﬁ”&ﬁi%z&ntagﬁ %gg.;tghr{ﬁ%mgﬁfégg:eelve%dt he

desti nati on hen smttin f eSEer
sl ots. 2. ﬂahelrvm sent heperade chakaelss aﬂa:ﬂ abrlaaseok;eaas adsobekifple and
reserved, : and .then checks its ;iatus table; if _the total anount of

free tokens i FIEAEABFWORAE iW%ho hofi§hved pastiall =t thecfreggtekens to
then thes regueske ifEont QiR &dyine AKeheisfy a user request. The server

may also :unplement other pollcy related functlons such as
admission control and fairness. The fragmentat:.on of the free
token pool in the server is normally very modest results.ng in
very few connection establishment messages per channel even for

10 high capacity user requests.

There are also drawbacks. A user that frequently establishes
and destroys chennels may introduce excessive signaling by
alweys returning tbkene after uee, but Ehen 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 bu:s-.or'j if the average packet size is very
small. If the media length is wvery large relati-ve to the
product of bit-period, bits-per-packet and  media wvelocity the
round trip time to the server may also 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 tokexi

manager are simulated and investigated.

25- When evaluating the performance of the distributed token
manager with slot reuse and defragmentatio__n the same traffic
and parameters are _use_d_ as in. the case of. a central token
manager, but with a p_olicy .wh_ere.by requests a1;’e accepted if 50%

of the requested capaeity can be allocated.
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nused capacity.

Q herw se the node requests t okens f
t have t he

If ene .of. these 1iddes receiving a to JIHI$%EE$HK@BEEIY'

requested am)unt ‘of. free slots, it s{ill OREFACEDaY al| 30 of the slots
it has. 1ln 9,9432;‘ it sends a resp _ he r ﬂdﬁ%ﬁnode
A node fulfi’ T'S"incom ng requests in 3%trict FIFO order. " en a
node receives a response to a token request, it nmarks the slots it

receives in the response (if any) as being 35 reserved. Wen the node
has recei vébe reepénseoressntaﬁl in figredestre ﬁ:rtom hashe semulaudr weil drher

starts theslggag E grfully dlstrlbuted token manager, status messages
describing how much capac1ty a .node owns, and the
3defragmentation'"scheme. All nodes have the same proce551ng

5 capac1ty and the proces51ng load is much 1ower than what the
servers in flg 10 receive. The dependenc1es between nodes are

also much smaller resultlng in a hlgher degree of rellablllty

The system performs better than any system not prov;dlng slot

reuse but not as good as the centrallzed system. descrlbed

10 earller

When cowparing the performance of thls conflguratlon and the
“centralized token manager in f:.g 10, one sees that block:.ng is
:'hlgher and some requests may be blocked at much 1ower load in

the dlstrlbuted 1mp1ementatlon

15 One result not expected was that performance actually decreased
when the packet size was. increased! After checkirg 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 e-ven 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-controlhcapatity when

resources was exhausted.

The reason for this is that the status messages only describe
25 *global” tokens covering all segments on the bus. A global
token may ‘be used by any node and 1s ‘the only type of token in
a DTM system wlthout slot reuse. At a load hlgher than 1.00 a
large number of tokens are segmented and the reuse scheme needs
them on them belng used by new requests. Therefore, the status

30 message mechanism which is used, that was developed for a
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13 . rejects the user request, depending on whether or not it has
acquired sufficient capacity. If the user request is rejected, the
reserved slots are nmarked as free again. At startup all free tokens
are evenly d%ﬁ§§4 d anong the 5 network nodes and each negeskéddigasat

| east one of 1TSS Tree t okens, noves it @2hen) to the active state and
declares it (them) to be a control slot. User requests nay now be
accepted - and tokens can be noved between nodes on denand. A
weakness Wi t h gyiditens Clibtliouts rbakes! dis reahiteentivniks AMiLity ted 9aeisd nay
user requests, and user_ reguests are del ayed by .pendi ng token

feal | ocati on. TRAVGSES HRG ohreR FRRACIND archt @R 1t tBervaray chse iresudt

al so perforn1§595ib%%%lQﬁ%%wygé'n t he background. This results in |ess
to or

need to reallocate ens small to medi um si zed requests.

The throughpuz and access delay of the distributed token

5 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_mudh less
affected of the bus length. The 1 km and 100 km busses give

';0 about the same throughput and access delay results as the 10 km
bus because the latency introduced by using a 125 us 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, espécially' 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 acceés delay
is-about 1 millisecond shorter than in the system with the

centralized server.

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 evalﬁate 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 aftexr 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




15 The pool of free tokens nmay be distributed in other ways than evenly
to increase reallocation success rate and utilization. I f fewer nodes
are' managi ng the pool, channel bl ocking decreases as a result of a

| ower probaQ*b ; ws9f token real location failure. 20 Tirersessmbast e

t oken pool In this case distribdfed proportional [y (nodes
close to the slot generator get nore tokens than nodes far away from
it) anong- all nodes. Token transfers nmay occur between any pair of
nodes i nst eAF¥dVizgnypse 1nCFﬁ%%$@|H© % RerEw siodesdd., When50he7bosall Adde

t h th t
ey be | ackSppearablATEy BEAtubves B fliataR YPhasRRRber S (ong

as the arriving user requests are well natched.to the pool ~ distribution
no real | ocalimofigi.| L4eter poesemted sthyoughputSeanst alccgsestiehag peefot@ahge

answer ed bef qre, degi.di ng, how.to 30 distribute the token pool The foll ow ng
i ssues are %dﬁggséaekrgbugeu token server syst .

"5 It is clear that the distributed imnlementafion have several
benefits but alsc drawbacks compared to the’ centrallzed token
server. The nodes may share the proce551ng load, there is 1less
need for hlgh-performance token servers, 'redundancy may be
higher and access ‘delay may be shorter for low caéacity

10- request. The drawbacks is higher blocking for an inflexible
user which may therefore need to'retry'several ﬂimes 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 certaln p01ne;. it gets
dlfflcult to flnd free tokens, blocklng ‘becomes 31gn1ficant and
~utilization only increases marglnally with 1oad The degree of
blocking at a given load depends malnly on the minimum capacity
requirement of user requests. The. lower. the mln;mum.capacity,
20 the higher the probability  that the node will be -able to
satisfy the request. Furthermore, ip.these;simulaﬁions.only one
round of teken 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




1. When | ocal resources in the node are not enough to satisfy a user
request, which other node should be asked for nore t okens?
4 2.1f a node asks for tokens from several nodes, how many tokens
is it goi NG wds g“for and shoul d the node reject the channedT/SES6/01748 f | t
receives a fraction of the requested capa%?ty? 3.1f tokens nove freely
.anong the nodes, will the token pool be 5 fragnented into snal
pi eces and, render the, Elock oken

infrequent, will result in an average access delay around 125

ps (a single cycle}.

In additi.on, due to fragme.ntation it may take many control
messages to establish a channel, which adds even further to the
5 1load 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 DTM’s slot reall_ocat.ion mechanism is that it
10 takes longer time to establish channels that need high
bandwidth. This trade-off .might be jﬁstified: the '{-,ype 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
15 much involvement of the reallocation protocol. For transfers
that require high bandwidth, the_ access delay will be much
longer and will almost always involve the reallocation
pfotocol. However, in ‘general high bandwidth transfers will

probably be less sensitive to access delay.

20 These simulations’ have shown that the DTM 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

25 also result in a simple implementation. Th.e distributed system
is morxe sensitive to user behavior and must therefor rely on
status information that is broadcast frequently and on the
defragmentation method according to thé invention to decrease

the number of control messages needed for channel establishment




optim zati on schene usel ess? Status nessages were decided to be used
to distribute I nformati on about the pool of- free tokens. Status
nmessage information is used to help a node choose a suitable node when -
10 asking whHofnggmy e resources. This hod addresses PCEHSEIOEMS
guesti on above. Qur - schenme works as ol lows. Each node regularly

br oadcast s status informati on about how many free tokens it has. The
ot her "nodes store this information _in their, status tables. A node 15
Phat vant s ABRe SUPhCFES LIBREEHTE: | UBLaba e 1 AptEevtintains methog,for
which nodej hLg fGaEEst the! @iseriditeed MRRACANLNE bELALL perfdiHBHAH
gi ves an approXi mate and dated view of the current state of token

i nf or mat i onthso cesliterliagdesodednyconpazfingt §d9's lpeeadsd3thep wespuwst

to nodes that _no | onger have tokens to.20.glve Ve mve eyt atus -t apl are
oo tn  nf oPAARPERERR { RUBEERccthRG: PREDLIY® BBV concrai¥ld!S ! The
. 5 distributed models using a small set of tokén.server nodes is

alsc possible.

Fﬁrthefmore,.connection-estabiishment 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
and arrangement can increase performance by a factor. of twé
withouﬁ introducing any extra hardware in the nodes. Using the
916£ reuse scheme it is -even more important -to use the
defragﬁentation ‘méthpd according- to the  invention as

15 fragmentation may occur in both slot and segment dimensions.




system w | |

- _
work even if they are out of date or not avail abl e. They

25 "Wnen conpar | no oo IMOAMEMATI e ot o 2ee™ i 6. P65 ™" 2

the distribu

&ﬁ)?%f . 12) ‘token"mahager we see that there pcyskogoP@N type

of rejection I's frequent in the distr3duted ver si on when
resources are still unused in the system A node uses the status table
to pick node(s) fromwhich to 30 request tokens. \Wen the request reaches
“the target node the anount of avail able capacity may have changed and a
smal | er anount than requested may be r€bdEM®d to the requesting node,
resulting in a user rejection. Thi s behavior results in even nore

unnecessary token HRYEMEAL 35 mefldal BELCE QL e AL SRS £ESES éﬁ?%dgh

of ot her nodes

10

15

20

25

2RgPI L Y
DTM (Dynamic Synchronous Iransfer Mode)  network
characterized in _

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

- that the block token capacity is only .reserved on the
segment (8) between source and destination node, and

- that simultaneous transmissions in the same slot over

disjointed segments of the network are enabled.

2. A slot reuse method according to claim 1,
characterized in that two or more segment -consecutive
tokens representing the same slot range are merged into a single

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

3. A slot reuse method accoxrding to «claim 1 or 2,
characterized 'in that it is implemented in a central

token management scheme.

4.- A slot reuse method according to claim 1 or 2,
characterized in that it is implemented in a

distributed token management scheme.

5. A slot reuse method according - to claim 1 oxr 2,
characterized in that it is implemented in a resource
management system that combines the centralized and the

distributed models, hence using a small set of token server

nodes.




15 recei vi ng feﬂ'ﬂlﬂ“r‘”ﬁﬂ (ﬂi d tokens. The tokens that are .
noved in this case ar I ~unused during the transfer.

| f. the pool is distriblted eroﬁor ionately anong a large nunber 5 (100's)"

of nodes, the average pool size will be relatively s ep¢T/SEAEBIV48 he | oad
I s high, t WO G4 of free tokens in 37pool s decreases even further. |f
nodes al so create and destroy channels at a very high rate, the anount
of free capacity in i ndi vi dual nodes_j unps between_ having a snal |

amount of 80 Zaplett yeused metdiach@cemiing NeRy, onef of hgheaydadgs 1-5,
capacity . p Leduested by Ao yoer 1§ I anggconpareddo Log,iaber gty reg
defragmentation method in which
- a home node is deiined for each token at network startup or
5 during network operétion or during network operation. in such way
that the tokens sharing the same home node will always define at
ieast .partly a continuous slot. range; -
- free tékens are sent back to their respective home nodes when
a significant time has passed and,
0 - tﬁo or more slot-cénsecutive tokens with the same slot réﬁge'

are merged into a single token when existing in the free pool of

a node.

7. A slot reuse method according te . claim 6,
characterized in that two or more tokens with the same
15 slot or segment range are mérged into a single. token when

existing in the free pool of a node.

8. A slot reuse method - according to claim 7,
characterize d. in that when merging slot- and/for
segment -consecutive tokens which have the same slot or segment
20 range always a segment merge is prioritized before a slot number

merge even if the number of tokens will augmerit.

9. A slot reuse method according to one of the claims 1.—8,
characterized in that when a node get a token request
from a local user or a remote user a token is picked fi'om the
25 token pool using a best-fit algorithm in_ slot number and segment
.number dimension, in which "algoriéhm the token with small_est

_area in the token map that fulfill the requested capa_city is

chosen.




t okens, of a node, se_ve d to be asked to fulfill the
request. At this poi nt m that one of the request ed nodes
do' not have any free c 15 leading to a user rejection.

There are se\(fégq ys to address th| s pr obl em wi t hout goi N peTsEdiRfitus
towards a cen d nmodel . First, we may 3t give away any slots at

all when the conpl ete request cannot be fulfilled. Thi s protocol
applies if only a single node is asked for free 20 tokens but if several
nodes are askRéd & FhYtstiemser aagphod mecordigientobeney afovelie oclhinked -8,

unused. Seco Lt e r S we receive f eyer tokens than
we requested%a”: I:teléslfiﬁp’zlog @et%ft%gﬁt%ol?@r?nre%u’é% pPoRRHUFR LEFuRar a

tinmes. This tokemi lftrolmnartéese nodespanidahid itakedl taGephilia lt@z%r zfe%lé%%éd
and 25 that received tokens will be used. The cost of retry wl

i ncreased si GARPFAGY afF1ShEr EhEcBURPEEs §TdEokEnsatdaity af?"@yPrf--“—’evtttm.set:ued is
per f or mance iindRiugr | oaded network. Also user retry i ntroduces | onger
set-up delay tor requests that are retried. Third, the user may
sonetimes want to accept a channel wth

11. A slot reuse arrangement for increasement of the throughput

in a DTM (Dynamlc Syr;chronous Iransfer_ Mode) network

characterized in that it comprises

- an extended DTM block token format including parameters
10 - describing the segment (s) between source and destination node,

- nodes arranged to reserve block token capacity onljr on the

segment (s) between source and destination ﬁodé; and |

- enabling of simultaneous transmissions in the same slot over

disjointed segments of the network.

15
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exanpl e, a user recelve ﬂ" ﬁﬂ“ sted he may" want to accept. In
fig. 5 throughput, mhlc betmeen transported user data and
t ot al nunbergﬁg éy transnltted y the fibers, and acce &ﬁ% whi ch
is the tine romthe arrival of a user request to the sendini ? t he
first data of the request, for small (16 kbyte) user requests with

vari ous m ni num acceptabl e capacities [1 396(40 slots), 50% (20

16 -slots), and 5% (1 slot)] aremguﬂéﬂ EE'A]“EFSUS offered: |l oad. A

[received by the-International Bureau on 28 May 1997 (28.05.97);
ongmal claims 1-11 replaced by new cla1ms 10 (2 pages)]

30 less than requested mlwi"ﬂnstead of being rejected. If, for

1. A slot reuse method for J.ncreasement of the throughput in a DTM
(Dynamic Synchronous Transfer Mode, network characte rized
in | '
S - that the DTM block token format is extended to include parameters:
' describing the segment(s) between soufce and destination node,
- that the block token capacity is only reserved on the segment(s)
between source and destination node, ' o
- that two-or more s‘égment_—consecutive_ tokens representing the same
10 slot range are merged into a single token when exi_st'ing in the free
pool of a node, and '
- that simultaneous transm;ss:.ons in .the -same slot over disjointed
segments of theé network dre enabled. '

2. A slot reuse method_ according _to claim 1, characterized
15 in that it is implemented in a central token management scheme.

3. A slot reuse methed according to claim 1, characterized
in that it is implemented in a distributed token management scheme.

4. A slot reuse method according to claim 1, characterized
in that it is implemented in a resource management system that

20 combines the centralized and the distributed models, hence using a
small set of token server nodes.

5. A slot reuse method according to one of the claims 1-4,
characterized in that it is combined with a defragmentation
method in which ' '

. 25 - a home node is defined for each token at network startup or during
network operation or during network operation in Such way that the
tokens sharing the same home node will always define at least partly a
continuous slot range,
~ free tokens are sent back to their respective home nodes when a

30 significant time has passed and,
~ two or more slot-consecutive tokens with the same slot range are
.merged into a single token when existing in the free pool of a node.

AMENDED SHEET (ARTICLE 19)




| ower aver age n1n|nun1ac h Wil result in hi gher
t hroughput. In fig. !ﬂ“‘F or mance t hat results if user
(requesting a 16 kbyte da ransiver’ s retries 5 up to 8 tinmes before

the request is bl ocked. Uilization increases k| ng
decr eases) at™ {)ﬁ%ﬁt of nore signaling and | onger del aypgw

| ar ge nunber of times is counter productive if it happens frequently
Clearly the-benefits of a flexible user re#fuest policy, is 10 |ower
probability of being rejected and higher overall t hr oughput .

Ei ther of the canfjgur 9&&@%&%@&6955‘6&61519]‘ tg- c5a1m @nde hiOr a6c @‘Eé’r lliez e d

decided at arrfival tinme of are t hat. has stri

the capacityif®r thatritmer Reje ckéﬁﬁe?s w“ﬁhttg"fe a?fis%gﬁ%%aﬁﬁcf?‘if“e"% 5??% argd
but anot her meygéatines d>iagteptokancitemnekisting imshet fivee el refaesedsl
anount. For the rest of the sinulations presented here the m ni mum .

acceptable 5 banQuidt Beise defdndad at&oRAn§0% Ok1411e s,eqclasa e €apagityed

In the eneral case, the average n er conti uous free
g 5 in tnat when merg(i‘gg sflorfo an8/or Qse —-consecutive tokens which

have <the same slot or segment range always a segment merge is
prioritized before a slot number merge even if the number of tokens
will augment.

8. A slot reuse method according to one of the claims 1-7,
10 ,charactefized in that when a node 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
dimension, in which algorithm the token with smallest area in the
token map that fulfill the requested capacity is chosen. '

15 9. A slot reuse method according to one of the claims 1-7,
characterized in that when a node needs to request a token
from other nodes and no token that fulfill the reguested capacity

exists the number of tokens that are prerequisited is minimized.

10. A slot reuse arrangement for increasement of the throughput in a
20 DTM ‘Dynamic Synchronous Transfer Mode) network characterized

in <=that it comprises

- an extended DTM block token format including parameters describing

the segment (s) between source and destination node,

- nodes arranged to reserve block token capacity only on the
25 segment {s) between source and destination node,

- two or more segment-consecutive tokens representing the same slot

range are merged into a single token when existing in the free pool of

a node, and

- enabling of simultaneous transmissions in the same slot over
30 disjointed segments of the network.

AMENDED SHEET (ARTICLE 19)




blocks in a node is small, due to the random novenent of tokens 20 and the

varyi ng capacity of users request. This fragnentation renders the bl ock
t oken optim zation practically useless, and the access delay is
relatively |'WA@7R484¢|iseconds) for hi gh Vigm ty channel sf I5RI48 bl ock
allocation efficient it is necessary t ce fragnmentation of free

t okens, otherw se 25 fragnenta be by far the main contributor to
access del ay for high-band dth:ch nnels at noderate t& high | oad. Low

capacity channels w Il al nost
est abl i shnment del ay i ndependen
In the case of slot reuse, the

ave a very short channe
current anount of fragment ati on.
tation 30 problemig even worse, as

fragmentation nay occur in Poth dl ot (time) and segne (space)

di mensions (see fig. 4). This is}in the centralized sgrver version a
particul ar appli t he general dynam c storage-fal | ocation
problem In-he dj \ ed ffoken manager nost of the {fragnmentation is

a result of g ng g Ny =TTee mols (one for each node) wo free adjacent
t okens c%@.onl - ifjtheylare found in the sane npde.
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17 . A distributed schene that tries to avoid fragnentation if

possi bl e and i ncreases the average bl ock size of free tokens in t he
nodes has been inpl enented. The schene is used both with and wi t hout
sl ot reuse. wodimasecheme works as fol |l ows: 1. Define a ROMSEISWIRIST Or
each token at network startup and . dis pﬁgﬂg tokens in such a way so
t okens sharing the sane home node wi |l al ways define a conti nuous
sl ot range. This results in a | arge average token area in the token
map shown
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10 infig. 4. 2. When two sl ot-consecutive tokens with the sane sl ot
or segnent range exist in the free pool nerge theminto a single
token (sonetinmes a recursive split and nerge operation is needed) .

When doi ng %Vg%ffg'ﬁgﬁl ways prioritize segnent nerge 15 bef p&frsPosh b

nunber nerge. reason for this is t:?f}/e]rzn t okens spanni ng over | ust
a few segnents are | ess useful to- h odes than tokens spanni ng

over nmany segments). Two segnent - consecuti ve tokens, representing at
| east partly the sane slot range and existing in the free pool of a
node, are 20 splitte ' t-TonSecutive' (okens
“ representing the}same sl ot range, which are nerged into a single
t oken. 3. Wen a n¢de gdtslet +eken request fromthe r a
renote user, pick a tolen fr80wW4 ke—-token pool usi Ng A-PESL zumemmTf
algorithmin slot ngpdr amDG¥grent nunber di mepstta-Z5 (see fig. 4).
The value of a token ig calculated as the area - of a token in the token
map and we tries to pidk the token '
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with the smallest area that fulfill the requested capacity. A cost

function can al so be defined as a function of e.qg. nunber of slots,
nunber of segnents, |ocation of slots and 30 | ocation of segnents, which
functi on shouwe dre4sdiyni M zed, however , WAL ful filli RGT/SEL1748
rquested capacity. This nechanisn1céh/%i be used by the servers
when using a centralized token nmanager. 4. \When a node needs to
request tokens from other nodes it does 35 not ask for small chunks from
several nodes if it is pgfsible to ask for Iarqer;ghunks.;ron1femgr
nodes. The status tables ! . o 18
1.8} Oretry — . -
1 retry -------
1.6 | 2retries - 1
_ 4 retries —
14  8retries -~ =
2 12} ’
5,
3 1r ’
4
€ o8} |
06 y
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provide this information. Transfer of tokens is therefore nore
efficient, and there are fewer establishnment nessages and | ess
fragient ati on. 5. Free tokens are sent back to home nodes when they
have been 5y d-fllesfOr a significant tinme or after a long tycmsHofbiTes
This schene returns tokens to "honge" nodegigz;%ggay to increase t he
probability that two consecutive tokens c be*rerged in the free
list which decreases fragnmentation. |If hone node "gravity" is too
strong the scheme will result in less sharing 10 of resources and
unnecessary signaling. If it is too weak, fragnentation will still
‘remain a problem The "gravity" may be  changed during the operation of
the bus. To eval uate the defragnentati on mechani smwe did another set
of  sinulations. Three different simulators [A B, C were 15
configured. Sinulator A was configured to have no fragnentation

2200 —————r—r————— o —
| o~ A — |
2000 B o
1800 t ; - C oo |
1600 } ;f%xyxf - ik
3 00f S - | ]
%‘ 1200 ‘."1'.-:.'::.. : ' ' i
S | LN S
g 1000 N -
8 800 \ |
600 | - ‘\\ -
400 } _ \“""‘\.\ .
_ _ _ - . S
200 t. — NN
0 e .
100 1000 10000 100000 1e+06 1e+07

Simulation time in microseconds at load 0.8

Fig 7
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at sinmulation start tinme and to use the defragnentati on schene
descri bed above. B did start with nmaxi mum fragnentation of the conpl ete
resource pool. Al tokens had a single slot and no tokens in the "hone"
nodes before t WO 9@Hs4agnent ati on nechani sm_20 S turned on. PCTISES6/91748
simulator C was started w thout using ér agnent ati on nechani sm and
w th the pool having maxi num fragnentation. I'n all cases slot reuse
were turned on and | oad was defined to be 80% In fig. 7 is shown
the access delay as a function of sinulated 25 tine for a 10 km network.
Sinmulator C started w2 g~tomg—r=acrcess
the signaling channels becane overl oaded and nessage queues grew.
Si mul at or B usi ng ‘thejdef ragnpeAL iPAANECchani smstarts. just as badf as C
but - already after 10 Wi llisqpEss ApESE erage access del ay i s--bel ‘o 30
500 m croseconds. Later en one second of sinulated tine hag-" passed the
B curve alnost joins Ai.¢. it converges on the per f or nafice of the
sinmulator starting withouty any fragnmentation at all. The convergence
speed depend on the anpun{ of free
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capacity in the network and therefore al so on | oad. The 1 oad 35 duri ng all

these sinulati ons was 80% The defragnentation mechani smcl early

i nproves the access delay and al so nakes the :

19 bl 0?&099}2&%&‘ optim zation neaningful in the . diﬁﬁ%ﬁ& _

I npl ement ati on. Two kinds of per?yr%ze nmeasures are O mai n

I nterest: utilization and access del ay“ tlization is the portion of .

the 5 nomnall network capacity that is actually used for data
transfer, and is a neasure of the efficiency of the network.
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Access delay .is the tine fromthe arrival
sendi ng- of the first data of the request,
conmuni cation traffic 10

for how wel | conput er

of a user request to
which is an
can be supported.

t he

i nportant neasure

There are two rWNdb yors that influence utilization |r1 DTM  pcrSEbéraatas
each node is assigned signaling capacity |nE§2élE?rm control slots,
whi ch neans that there are fewer slots avai for data transfer on a
bus with nany nodes, given_fixed |ink 15 capaC|ty. Secondl vy, token
real |l ocation incurs overhegh since ' while a slot token is bein
real | ocated between nodes he res ondi ng sl ot cannot bgge d for
data transfer. Accesgehnld%o s _mainly on the |oad ¥t he cdntrcl
sl ot s, and on hom/nanﬁ DNt ssa jes need to be se to establlsh a
20 channel. . The access O by i ically a summation &f a few I
del ays: e.g. node controltgf pro ng delay [5 [err , delay in K
finding and allocating fr oke 6 N”_err]s] wai #1 ng for the f|r§t
avai l abl e control sl ot EP pass 0 _lerr]s], id finally
e } 1. o 8 sess ok 1 -l
o - 4
= 4 1
o 1} H i
3 i
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waiting for the first allocated data slot to be filled wwth 25 wuser data

[62.5 [err]s]. In addition, nessages are delayed in queues at the
i nput to node controllers waiting to be processed. In the simulations.
present.ed bel ow. t he average delay is up to a feM/hundrgp L.CF f onds.
Results froMeP##4%: i ons where DTM i s expg;éﬂlzg traffic 3 Cﬂ%ﬁ?@ t hat
are nore like the relatively short-| transfers (4-4000 kbyte)
seen in conputer conmunication wll be presented. Traffics are with
bursty inter-arrivals, qtient- server oriented as well as with
exponential Iy distribute arrivals.'rn tnae STIUT BT on 1oget, Tach
" transfer starts with 35 th érlval "of a new "packet" of ,
information. The node o% trles _to aIIocagg resources..| for
the transfer, T -
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20 transmts the data and finally releases the channel. This is a

S|an|T|cat|on of the nechanisns in a real system where channel
set-up, data transfer and channel teardown are - i ndependent
oper ations |n|t|$te t he user. For exanple a 5 user that 6h a
transfer is aboW ke place may jizbyﬁﬁgzhannel est abl I shnent
del ay by requesting a channel I n advanc I s al ready
establ i shed when the transfer starts. Between a setup and teardown, the
capacity of the channel is conpletely reserved for the user. The nost
straight- 10 forward use ?i the chanpel is for a singlgtransfer such as a
file transfer or a video fdnsmi ssi on. Dependlng ‘of the
characteristics of the @pllcaésg dt_is possible to optim ze thed
usage of the channel. For’ | pst angg kg -...... Channel may be used to traﬂ%#er
sequences of higher Ie.y% i 32 kB oo e
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15 nmessages such as ATMcells or
P traffic in an ATM networKk) .
nmessages
mul ti pl exed onweg7hkes4ahannel .
every receiver on the multicast 20 _channeq

a single VC for al
a nmulticast channel,

to filter nmessages. An alternative sol s to create and destroy a
channel for °~ each nessage, but reserve the tokens between nessages so
t hat t he tokens are r%?dily avai l abl e for the next nmessage in the
sequence. 25 This type< T USer ropenaviorr s 1notr [ ncorporated )
t he si nmul ati ons, Sinﬁ%b hey %re optim zations for particul ar '
applications. Instead a tion | k@ pard to how t he network per f or
wi t hout user level optinjzalio Okm *=The sender may start sending datq as
soon as the resources ar D gggﬁ;ﬁﬂf' even before the receiyes~
receives the channel 14§;t§ nt message. This is call egd==Ha
est abl i shnent . 4T o
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£
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The receiver will eventually respond with a control nessage to accept or
reject the channel. User requests have the foll ow ng paraneters: N
21 - - Packet size which is the amount of user data transferred ‘

bet ween changel. ablishnent and channel release. W ¢ o4 at e

. PCT/SE9%/0

packet S|zesgﬁ#%M§§&fem1kbytes up to a felz?gyagg. - Requested
capacity for a channel, which is the nunb f slots that a node tries
to allocate. For all the sinulations

2 ! .l . ——y T
18 1 16kB — | |
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H

in this paper the requ‘ed capacity 4s fixed to 40 sl?  7720. 48
S a request

Mbi t/s. - M nimum acceptabl e capacity. A node bl oc Ifoit
cannot allocate this nunber of slots. This is normally set fo 10 ‘40 or 20
sl ots (100% or 50% of requested capacity). - Source address.

Dest i nati Qg ess FOR e our gy ﬁgd deg i naki on gEFRRSEES AVICHRONOUS
gener at ed MODE( RErwogges Wi th the same probability) and user

i nter-arriva times are exponential ly di stri but ed. The -

si mul ati ons | nvestigate the effect of signaling capacity and

sl ot r . Lon,. o [ on, channel set-up delay, and

bl ocki ng. ﬁéé’ﬁg% gl\%\grﬁ;/irbﬁ’gd{}g]af I C %%f\él tions, for a topol ogy with

the folgowfgg QQEéQEE%ri§Bbéﬁtion relates tc a slot reuse method for

10

increasement of the throughput iz a DTM (Dynamic Synchronous

Transfer Mode) network.

DESCRIPTION OF RELATED ART

New high-capacity communication networks and protocols are
constantly being developed by the communications industry and
academia. This development chance frequently &and new results
are i.mportant to application develicpers who integrate real-time
audio, video, and asynchronous conunuﬁication services into

a;p"plications. The applications can be found on a wide range of

" network access termingls. Termineis act as ne‘.work ‘hosts and

20

25

30

35

may be almost any electronic device, including small pocket
telephcnes or television sets, multi-media workstations, and
million-dollar supercomputers. Hosts dif_fer by orders of
ma-ghitude in their needs for prccessing power, and in their
communication services requirements. These disp&rate needs are
currently reflected in & set o.f independent network classes.
Each network class is optimized for its particular traffic and
applications: Cable Television networks use unidirectional
broadcast networks where the capacity is divided into fixed-
sized subchannels carrying video. A telephone network uses only
64 kbit/s duplex «circuits with guaranteed throughput and
tightly co.ntrolled 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 multiplexing to efficiently wutilize 1links. A
backbone network £for mobile systems needs extra control (or
signaling) capacity to dynamically track all active terminals.

With this wide spectrum of applications existing today and to
be augmented in the future, it is infeasible to continually

invent new, sometimes global, networks and a new terminal
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20 - A dual bus network.th 100 nodes. "Even t hough it '

t heoretically possible to connect nmany nore nodes to a bus,." - we '§ hi nk
that management of networks with nmore thanjyl00 nodes " on"a bus - hay be
i-nf easi bl e. Wth 100 nodes the capacity sharing is si gn| ficant

enough to exercise and test the token 25 nmanagenent_ prot o
capacity ofiRbeRfBGE i£OT6 SAUDING's. YRS bef| EFEVESs jiyistea 're%ml éf‘F@gFBFed

what is readdzabtesWnlehivd rik yﬁﬁp’pdkftifr\@ e>21§ 1ng dﬁm tnefv o Fehted | RE6aHaYe
been available for _a fewy | i nks .have bee

t/
announced to° apPBERIYESH ﬁﬁ}%e %“f?ralr#ar k%?a*s 6ff?er|s[‘?%h co?regﬁgﬂ%kt 0dre
100 MHz sl odcanapilwhiychto globmltheizatemi mhxdmurhesksaoingr acesekpgnbiCe

o i & o, BBFERIBY = 52O ALY LS ROBUEEER! SRagsoion

t echnol ogy signal’i ng “capaci
but t feechnodogye past i bieemed shemwreerta hepztcmlde bekhgi r secesserys link

proportionglly,depgnding “Onlwere%cﬁlﬁm npdegear £o! At Ed iHtegrated services

networks a reallstlc solutlon

A new integrated optical network with much higher capacity

10 will, however, introduce new problems not seen in today’s more
specialized and lower performance networks. First, when network
capacity increases and the information flight latency remains
limited by the speed df'light, the increasing bandwidth delay
~product will put highei.demand on mechanisms that isolate a

b
(§3]

user’s traffic from third-party. network traffic. A telephone
session, for example, should not be affected by another user
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
20 network <capacity. This will lead ~to larger  Dburst and
transaction sizes in the 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
25 connecting just a few DARPA (Defense Advanced Research 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
30 Qata Interface) are used in the Internet as simple building
blocks connected by routers or bridges. The combination of easy
expansion, low incremental node cost and tolerance to faulty
nodes has resulted in simple, flexible, and robust networks.
Also, the shared medium allows efficient application of new

35 multicast protocols such as IP multicast.

A drawback of the shared medium is that it typically permits
only a single terminal to transmit at any time not utilizing
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22 t he bus. The ’oser a node is ta the slot gen.ator the or e

control capacity is needed. The sum of the control capacity - -on both
buses will however be the sanme for all nodﬁs. In the '"ﬁetmork‘Mnth t wo
t-oken servers, the servers has nore contro capacity and hi gher

processing capacity than the other nodes. - The length of .the bus is
10 km whi ellgi vestworkr gecemengh efficienkde t Hat FRRESBEf e@ld A¥ing the

propagat i O%afifé t A 8£N%he mediuteHd Gbd! Eeusgasmatys bé r @853 5HELSS butdofthis
the effects propagation del a |n si.mul ati ons m%th different bus

Iengt hs 101is a@étﬁpes%%t éBel rFqsitg QL fogpderity 1n t igh=speed access
control hardware. Access control mechanisms for a shared medium

5 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 ccnnectionless
packet-switched networks,exemplified by the Internet. When a

10 circuit—switched network 1is used for data cocmmunication,
circuits need to remain open between bursts of information,
wasting network capacity. This problem arises because circuit
.management cperations are slow compared to dynamic variations

in user demand. Another source of overhead iﬁ circuit-switched

15 networks is the limitation 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,

(¢

lacks resource reservation and must add header information to

&)

each message before transm1351on Furthermore, latency in a
connectionless packet- sw1tched network cannot be accurately
predicted and packets may even be lost due to buffer overflow
or corrupted headers. The lattef two factors make real-time
25 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
30 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 Telegraph and Telephone
Consultative Committee) also adopted it to be used as the
transfer standard in B-ISDN (Broadband- Integrated Services
35 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




- Two different token pgenment schenes are sinul ated: T,
asymetrical schene where all the tokens on one fiber -ar .+ - managed by

a single token server and a synmmetrical schene " where rvach node
controller manages a small piece of the 15 *° gl obal token pool. When
andl yzi ng the performance of the. DTM dual - bus network the i ssue of

“maxi mum t heorehb€elr .peTher reancies rusiitehed dressede amf  ATM ompaned thathehe -
simul at ed perfQpuRnGesedbe R HUN A0FOREed s sms BREHOTABNER 8 rAl b dIBAL
I Tferent - ch |

in this pap 0 conpare the schemes and i npl enentations we
are eval uathagagers ansk ek neehedvbeghptie &stwakibbsbbasadysian Wuatantees

slot-reuse ¢, gapcb@dafiidied as tMimadhecndfMketapaehty, given that both
fibers receive the sane traffic. In a systemwth slot reuse the system

t hroughpsit ghsehdepayisutdibd heosopr6eideati Raldlon dhe ghskbhRekisOentErs on
obtain this throughput for the dual.-bus used a nt e | 0 , .
si nul ati on #hELECE <§¥%ﬁﬁpﬂis??ﬁﬁ?ana%g must'*EePet0Te® adlireds circuit-
switching concerns such as descrited above. A new shared-medium
control protocol is also employed, and so have common shared-
medium problems to be .considered. This design, called DTM
10 (Dynamic Synchronous Transfer Mcde), (see e.g. Christer Bohm,
Per Lindgren, Lars Ramfelt, and Peter Sjddin, The DTM Gigabit
Network, Journal of High Speed Networks, 3(2):109-126, 1994 and
Lars Gauffin, Lars H&kansson, and Bjérn Pehrson, Multi-gigabit
networking based on DTM, Computer.N@tworks and ISDN Systems,
15 24(2):119—139,'Apfil 1992} uses channels as the communication
abstraction. This channels differ from telephony circuits in
various ways. First, establishment delay is short so that
resources can be allocated/deallocated dynamically as fast as
user requirements change. Second, they are simplex and so
20 minimize overhead when the communication is unidirectional.
Third, they offer multiple bit-rates to support 1large
variations in user capacity requirements. Finally, they are
multicast, allowing any number cf destinations. '

DTM channels share many beneficial properties with circuits.
25 There 1is no transfer of control information after channel
establishment, resulting in very high utilization of network
resources for large data transfers. Support of real-time
traffic is natural; there is no need for policing, congestion
control or flow~control within the network. The control
30 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
buffer overflow as in ATM. Bit-error rates depend on the
underlying link technologies, and switches are simple and fast
35 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
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addresses were uniforn y@i stributed (see left graph of ? 8)
Conparing this with a DTM network (sinulator configurati®o

as’., ' deaned

bel ow using a centralized token manager) mhere the user 30 nﬁeqUGSIS,‘Iarge

transfers

(4 MB at 20 Mit/s capacity) ahd - signaling capacity is not

a bottleneck (see right graph of fig. 8), utilization is close to the
i deal case. Rewbcitabhic chamedhviesgabilkehnkin: | debalk- datd bsansi@red anddia

audi o/ vi deo

st;EanB The differences that are shown are a result of:

Sone 35 cagHet Y? in DIM used- for control slots lowering the
g‘éa' | abl e nugber t%&i’és LRuPEiU§egaBY tdaha hb3nshe Sbal®™ on DTM, A DTM
medium access technigue with dynamlc bandw1dth—allocatlon”, by
5 L. Gauffin et al., Computer Network and ISDN Systems, Vol. 24,
No. 2, BApril 1992, 'pp. 119-130, discloses a distributed
management protocel according to which the time slots are
distributed evenly among the nodes. This implies a completely
symmetrical system.
i0 SUMMARY OF THE INVENTION
One of the problems using DTM is that a data slot never can be
used by two nodes simultaneously in the network.
The object of the invention is to solve this problem. This is
accomplished with a slot reuse method and arrangement for
i5 Dbetter utilization of shared 1links and consequently an
increasement of the throughput in the DTM network.
The slot reuse method for increasement of the thoughput in a
DTM network comprises the following steps:
-~ that the DTM block token format is extended to include
20 parameters describing the segments(é) between source and
destination node, '
- that the block token capacity 1is only reserved on the
segment (s) between source and destination node, .
-~ that two or more segment-consecutive tokens representing the
25 same slot range are merged into a single token when existing
in the free pool of a node, and
- that simultaneous transmissions in the same 'slot over
disjointed segments of the network are enabled.
The slot reuse can also comprise merging two or more segment-
30 consecutive tokens, representing the same slot range, into a

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

The slot reuse method and arrangement according to the
invention avoids the problem mentioned above. The method let




tandom generators for t DTM system do not generate e tiy .- the sane

anount of traffic in- upstream and downstream - . ‘W rection, ~This may
result in blocking in one of the directions when capacirty i-s avai |l abl e
in the other. During channel 5 est abl i sfivent  resour ces may be | ocked
unused nonentarily wasting some capacity. In the case of centra

t oken nmanagkanhké st won hpnagisegveodspacitneed e ségmahtag weapAsd it YSbhﬁae
h d E y S ;o ver e nto
oher noee LELlly 0Bk poce. TSN Phyok i) O, Qefepier, a0t T (2

ot her nodeS are assi _
are presentédesnsfimpltaneausliywdm rtdguesttwrr ki t/ s channels inter-arrival
tines are exponentially distributed (generated by a P0|sson process)

and t h® sYedy at iBRrhprBtperd it tWitdl f fidrentinyeiieitorsi Zes. thiatl5no
the fulé crppalbyeofchiifgedanpel tneanpohifgial hpsebedpe tipieme tgacclglgc?rﬁ 1S

rejected and tokens are returned to~ the ‘token se ver.
si zes vary*$f8Rf4 Moyte to 4 kbyte, at which

Another advantage with the invention is that it can be realized
in both a central and a distributed token management scheme and

in a combination of these schemes.

10 Yet another advantage is that the performance gain is clear: on
a dual-bus where source and destination node pairs are
unlformly distributed it has been shown that throughpuc may be

1ncreased by a factor of two.

-Yet another advantage is that the performance ga;h can be even
15 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 destinaticn ncces

the gain may be much hlgher

20 Yet another advantage is an improved performance when combined
with a defragmentation method returning tokens to their home
nodes as a way to increase the probability that-two consecutive
tokens can be merged in the free pool of the nodes, which

decreases fragmentation.

25 BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in greater detail below with

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

fig. 2 illustrates a DTM 125 us cycle with a home node defined
30 - 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,
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point we begin to see t.__oughput degr adati on. Thro put degradation
may occur if processing capacity in 20 nodes or control chanpel capacity
is too small. The server nodes may be especial |y overFoaded.” ‘The
result is that queues contai ning contrdl nessages start grow ng very

bi g. The control t okens represent unused capacity, and therefore the
throughput g54. 1 dqgrl&fb&fkate?é Iﬂhet h?e%ﬂbmmaqq@@r chepsebhgiful ahbionsccebs
control capaC|ty I S he ti.ng ctor % éﬁP ﬁgC&gt%ol sl ots
(signaling (ﬁﬁ%&Ytyfeéﬂ?QEH@ﬁy74Wﬁﬁﬁ%?aﬁ £ shaf Bécﬁﬂ%r%aﬁsﬁé
more efficientl yréq:@esttsecdls kbytB)e avext foet dffferens minining. acd@pshbie

how t he..sl ot reuse 30 rque erfopk h ste
Thr oughput i NETRAS ses y a nosltnlim'% uQ? 8 J %ngg%gbg‘fﬁﬁhsf\tgoﬁly ge%:ver
nunber &f channedscardingj tot tle Ihvennnb@nn1source and destinatlon

di stributions of channels limts the anount of
fig. 6 illustrates the performance for small user requests (16

kbyte) and for different number of allowed retries before
request blocking as simulated using a distributed token

server according to the invention,

10 fig. 7 illustrates acess delay as a function of simulated time
using ‘A) the defragmentation scheme according to the
inventicn' and no fragmentation at simulation start, *BR) -

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

15 ' defragmentation scheme and and maximum fragmentaticn at

simulation start,

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

without sldt reuse,

20 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 10km long
25 dual-bus 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
30 the 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,




increased capacity gai'i by slot reuse. It has been s “t.hat -35--.f the
source and destinations are generated evenly, as we do; throughput may
be doubled on a dual bus. In the simulations it 2

.24 may al so be seen that beyond an of$ered | oad of 2.5 we may

actual ly get t hroughput higher than 2.0. This |evel of t hr oughput ,
however, not 30es IE@Q{‘JEQt%tW sento chanoel £or d:bﬁfeagen'ej b@tseclen'@té\s

channels vﬁ t he hi ghest bablllty of el ¢ n :
t hat use many sP&ts %@él%#hﬁ T%er%%%tPEFH °sy st%ﬁgﬁ ers e??th
greedy user reqde&tr:zcamhtatlcbﬂnrovmcawawtm relSQusq'hl sa¢@0n@:cMI | ytoot Hie

accept abl e
P . invention, and

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

reuse according to the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

10 First, the DTM MAC (Medium Access Control) protocol will be
"~ described. The basic topology of a DTM network is a bus with
two unidirectional optical fibers connecting all nodes as is
showed in fig. 1. Several busses with different speeds méy be
connected together to form an arbitrary multistage network. In

15 he current prototype implementation, buses can be combined:

ct

into a two-dimensional mesh. A node &at the junction of two
buses c¢an 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

t

20 is a multi-rate, multicast channel.

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
25 thus depends on the network’s bit-rate; for instance, on a 6.4
Gbit/s network there are approximately 12500 slots per cycle.

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
30 establishment and bandwidth reallocation. The data slots are
used to transfer wuser data and are not interpreted by
intermediate network nodes. Intermediate nodes are nodes

between the source and destination.

In each network node there is a node controller NC, which

35 controls the access to data slots and performs network




behavi or and we theref do not investigate this any f her. - .--.
Throughput degradati on occur at an offered |oad of 1 w: tife. 4. 10 - kbyte
transfers. Even if enough resources were available in the- s+ tokén 'server
i.t is not possible to establish and destro9 channel s fast enough as the
control channel is congest ed. Further is also seen a throughput
degradat i omzd{addpeBt kbyperationsul stclonsaat merwdiler escdoodupf dnd, éotror

t he sane reason. 15 t may. be concl uded. fromthe sipulations_in fi
that “the | OBy eudbenduh SR o5t ABURIES { feh LYRTAREL RESIGID S TR
only m nor af@ngesntindte céannalliszeoht degangt ofoowl wsetong aasd to tmmenage

Com el ENNSRIIEL POLAIALAY APACELkohBpN ool BOLE) SRests AP MibNCthe

curves it can al'so be unexpect een access 2 ay actua
decr easé& wimckdeohndd i ncrease from0.1 to 0.5. This is a result of
how sl ots are assigned to a channel and not froma faster token request

procedure. Crietxehe @t tarakesedo exCluThiRtY foRereFFRAFENOLaRS n]de
5tr|Ct|y|'BHﬁ¥§éD9e:s. 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
10 access to control slots is exclusive, the node controller
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
15 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 the DTM
20 dual bus in the prefered embodiment is divided into 125 ms
cycles, which in turn are divided into 64-bit time slots. The
invention is not réstriéted to DTM networks with this wvalues,
but can be used in networks with cycles and slots of arbritary

sizes.

25 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

30 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
35 reallocation carry set of slots or tokens as parameters.
However, a control message is 64 bits and can therefore have
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When conparing the DTM formance in.fi'g.,10 and the 2@ theoretical
values in fig. 8 it is seen that even short bursts - few.m Ll iseconds
durati on) can be supported efficiently. Wien a singl e-token-server is
used, each channel establishnment first19equires a token to be requested
fromthe server before t he node can establish the channel. If the
length of thelbus isma801 humbeased tgwrdnkesrs eqTddts wiédnsakhaa |iohger user

i d f I | im.t the th . '
delay  ¥rapegtelE [ AEeREn Pt At F AP i B T PEn RSO RL O
length of thendusséseratr easmirél omeliges 1060 kmgaile the 3%haggel. This
L e by HERoAACLE! hika BOLR 0GRS AR Ao e SUGIBHE 11 ng? (3R cy

limted by the*Foun -trip latency to't token server.
5 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 maragement
is to introduce block tokens. A block token is transferred in a
single control message and represents a group of tckens, but
.10 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 assume that the token
pool is not fragmented into small pieces. This will be referred
15 to as fragmentation of the token pcol.

The token protocol guarantees that a data slot can never be
used by two nodes simultaneously on the bus. Sometimes this
protocol 1is too conservative. Fig. 3 shows an example of how

three tokens (A, B,'and C)'aré reserved for three channels.

.20 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
shared resources. A better alternative is to let channels only
reserve capacity on the segments between the sender and the

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

30 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
(Distributed Queue Dual Bus), Simple and CRMA (Cyclic
Reservation Multiple Access) depend on control information in
35 the slots. Buffer insertion networks when combined with
destination release as in METARING may reuse capacity of

1
m



25 Access del ay i his case depends;onwfhe di st ar tQ servers,

but is independent of the transfer size. Ui lization depends* <. stfongly
on the transfer size as the establishnent phase may be - Zanmorti'zed over
a |ong data transfer phase. Channelld 5 transferring | arge anmounts
of “informati on such as 256 kbyte with a duration of one tenth of a

second are §xﬁd’ii{uaﬁ‘&ilcipmks( and ﬁ@@@pvéecéw}emahemarﬂngim by ik king
Usi.ng a centralized tok

|, benef b
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opened o] use |

t he sl ot sZ"?%;ﬂ? hsa{lsoaé R:e hetlflree %{%sns%técﬂénee c%oo tﬂwfk] ry| ng %d

satisfy a usegardgeest. otheWBether it  dmy dersp il @@mqiwaoteneBSpoImcyDQDB

rel ated 5““§£h8ﬂé,sgﬁnia§RMA; or in software, as in DTM. When implemented
in systems other than DTM, slot reuse also add 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

10 to the invention extended to include parameters describing the

segment (s) it is representing. The token management protocol is

also according to the 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

15 original prototype implementation where allowed or needed. The

performance gain is &lso quite clear: on a dual-bus where

- source and destination pairs are uniformly distributed it has

been shown that throuchput may be increased by a_factof of two.

The performance gain can be even higher in other network

20" 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.

The potential drawback of slot reuse in a DTM network however,

25 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 1is to let @ single node controller manage all free
30 tokens for one fiber. This sort of centralized server mechanism
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
35 (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




adm ssion control and ‘rness. The fragnentation of t free. .15 --t oken
pool in the server is normally very nodest, resulting in - . veryfew
connection establishnent nessages per channel even for = - -high capacity
-user requests. There are al so drawbdéks. A user that frequently

est abl i shes and destroys channel s may rntroduce excessive signaling by
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tokens again_  w.thi ' The processing
capacity o?“?ﬁeaggPd% é%xf¥§¥§lc dgdf
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properti esigmhedibuldly .dislY i begesdstokepe delayed during the tcken request

and accesses are serialized through the central manager.

The distributed token manage® is fundamentally more complicated
10 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 tables. A node that
wants more capacity consults its status table to decide from
15 which node to request slots. The protocol on the initiating
side works as follows. When a uéer reqguest 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 Dby sending a channel
20 establishment message to the destination node, and then

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

25 the request, then the request . 1is rejected (blocked).
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 away all
30 of the slots it has. In any case, it sends a response back to
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
35 reserved. When the node has received responses to all
requests it has sent, it either starts the channels or
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manager are sinul ated d" i nvesti gat ed. . \Wen eval i ng. the .. -.
performance of the distributed token manager w th’'sl’ot rewuse and:
defragnentati on the sane traffic and aneters are used as-in-the case
of a central token 35 manager, but with a policy whereby requests are

accepted if 50% of the requested capacity can be all ocat ed. _
26 ~ The reRif¢LSpEBSecHEed FRIR§L 1 Hepending ophehsthgratdr @t hit has

sl ot reuse, aaddhlyedi skuiffulcadntokeragldiagpl . siat Ushdes§ades request is

| bi h aci t node _ owns, nd the _
describing t¥g%egygd, t§8PPesetved 51088 are-markeéaas éree again.

At startup all free tokens are evenly distributed among the

5 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

10 triggered by user requests, and user requests are delayed by
pending token reallocation. An optimization we have implemented

. to remedy this is to also pérform slot. -reallocation in the
background. This results in less need to reallocate tokens for

small to medium sized requests.

15 The pool of free tokens may be distributed in other ways than
evenly to increase reallocation succasss rate and utilization.
If fewer nodes are managing the ©pcol, channel blocking
decreases as a result of a lower probability of token

reallocation failure.

20 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

25 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.

Several questions need to be answered before deciding how to
30 distribute the token pool. The following issues are addressed:

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

-



defragnment ati on schene. .II nodes have the.sane processi -5 capaci-ty--and
the processing load is nuch |ower than what the servers in fig:..10"",
recei ve. The dependenci es between nodes are al so nuch smal i-er restl-fi ng
in a higher degree of reliability. Thel8ystem performs better than any
system not providing sl ot reuse but not as good as the centralized
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~information ctualTy gives an even worse view of free resources in the
' 20 network t haRtiBizakdPn scasfeerseliasshis case, a request is

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
10 asking for more resources. This method addresses the first

guestion above.

Qur scheme works as folloﬁé. 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
15 that wants more capacity consults its status table to decide
from which node  to. request slots."The broadcasted state
information glves 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
20 give away. ) ' '
Status tables are “soft” information 1in the sense that the
system will work even if they are out of date or not available.
They should, however, improve the success rate of reallocation

procedures.

25 When comparing basic performance of the centfalized (fig. 9)
and the distributed (fig. 12) token menager we see that there
is a new type of rejections that is frequent in the distributed
veision when resources are still unused in the system.

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

resulting in a user rejection.

This behavior results in even more unnecessary token movement
35 and therefore also increases the probability of other nodes




rejected if we do not t k we will find any resources:

( ‘is - nechani sm
was i ntroduced to avoid sting control capacity when™

~ T .resources.:was,

exhaust ed. The reason for this is that the status messages. onky "..
déscribe 25 "global " tokens covering all seyments on the bus. A gl obal
token may be used by any node and is the only type of token in a DTM

SYit em w t |i@8e§$9§%reﬂtﬁﬁad J.;]Atth&d oadqﬁéghea tigkalaefbsOg Phe takges nwier afe
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resul t it highepoblotki Adgstributhd phopegiiininaiell ncemergdal agrge nhaber
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establishnemali. When the load 'is High, the number of free tokens in
pocls decreases even further. If nodes also create and destroy

channels at a very high rate, the amount of free capacity in
individual nodes Jjumps . between having a small amount of

10 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 nqﬁd.to be asked to fulfill the

reguest. At this point the probability that one of the
requested nodes do not have any free capacity increases,

15 1leading 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.
This protocol applies if only a single node is asked for free
20 tokens but if several nodes.are as¥red 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
25 that received tokens will be used. The cost of retry 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

30 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
35 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
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27 and tear-down c?t he channel,. for, large packe@h (100" s.6f.""

kbyt es) the throughput performance of the systemis nmuclt tess - - affected
of the bus length. The 1 km and 100 km busses give "~ about t'he sane
throughput and access delay results as thzlqo km 5 bus because the |atency
introduced by using a 125 nms cycle dom nates over the tine of flight

latency in ¢hersystemd Fo¥ (1 sles)008remploty ¢dis vers useecf Foreehd oachesh

delay is fﬁ’mefo ve r e Mg S %! cd lbi‘et Fﬁa%@ﬂﬁ)akm SYs{ €M YskAgta in

centralize ken s rver, especi a | ow | oad are tokens found very

10 close thighere throughauteqdBstiidri \ﬁedlﬁnoﬁltfé“l"&y the sBgEEorAence thak
for all systeamtEVeR Useter yrdd i 0d¢l hha 6a0appse dabd¥ transfer) retries

5 up to 8 times before the request finally is _blocked.
Utilization increases {and blocking decreases) at the cost of
more signaling and longer delay. Retrying a large number of
times is counter productlve if it hcppens fregquently.

Clearly the benefits of a flexible user request policy, 1is
10 lower probability of Dbeing rejected and higher 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, bkut another may rather -

15 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

20 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

capacity channels..To make block allocation efficient it is

necessary to reduce fragmentation of free tokens, otherwise

25 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

30 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

35 many free pools (one for each node). Two free adjacent tokens
can only merge if they are found in the same node.




is about 1 mllisecond ‘)rter than in the.systemw th.t - - “cenfT-alized
server. The centralized token nmnager. system w Il ~ have -t:he:
same 15 performance al nost independently,50f the traffic as  |ong as
processing and signaling are sufficient. To evaluate the

distributed systemtwo other traffic generators were used. First, we

" used a genét atdrstrbPutedul seheng ethadquédiesyr i fyoid fragmentatigien if
- request arrhyesiMeedghidngdczeaswsr eteeslvelra 0 Bl es M eho80 fHepr @bxlinls tiv:
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- generate traidi eithoumdk@osi mehidke.t o client-server behavior the anount of

~traffic arriving were increased to 5 server nodes 0, 25, 50, 75 and 99.
25 The B obethe | sthent scxdsvers dedtliowst:i on is al so hi gher. In fig. 14
I's presented throughput and access-del ay performance of the distributed

. token servel.Bgfiren 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

10 in fig. 4.

2.When two slot-consecutive tokens with the same slot or

segment range exist in the free pool merge them into & single

token (sometimes a recursive split and merge operation is

needed). When doing a merge always prioritize segment merge

15 before a slot numbér;'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 tokens, representing at least partly the

same slot range and existing in the free pool of a node, are

20 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 1local user or a
remote user, pick a token from the token pool using & best-
fit algorithm in slot number and segment number dimension

25 (see fig. 4). The value 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 be defined as a function of e.g.
number of slots, number of segments, location of slots and

30 location of segments, 'which function should be minimized,
however, still fulfilling the rquested capacity. This
mechanism can also be used by the servers when using a
centralized token manager.

4.When a node needs to request tokens from other nodes it does
35 not ask for small chunks from several nodes if it is possible
to ask for larger chunks from fewer nodes. The status tables




1t is clear that the di.ri but ed i npl enent-ati on have s.e._r al - bepefi-ts
but al so drawbacks conpared to the centralized token 30 *sérver. -The;nodes

may share the processing load, there is | 855 need for hi'gh-perférnence
token servers, redundancy nay be hi gher and access del ay nay be shorter
for low capacity request. The drawbacks is higher bl ocking for an
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5.Free tokens are sent back to. home nodes when they have been
5 icdle for a2 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 merged in
the free 1ist which decreases fragmentation. If home node
“gravity” is too strong the scheme will result in less sharing
10 of resources and unnecessary signaling. If it 1is too weak,
fragmentation will still remain a problem. The “gravity” may be
changed during the operation of the bus. T

To evaluate the defragmentation mechanism we did another set of
simulaﬁions. Three different simulators [A, B, CT ‘were

15 configured. Simulator A was configured to have no fragmentation
at simulation start time and to use the defragmentaticn schéme
described zbove. 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

20 was turned con. Finally, simulator C was started without using
the defragmentation mechanism and with the pool having maximum
fragmentation. In zll cases slot reuse were_turnéd on and load
was defined to be 80%.

In fig. 7 is shown the access delay as a function of simulated
25 time for a 10 km network. Simulator C started with a long
access delay and the delay increased as the signaling channels
became overloaded and message queues grew. Simulator B using
the defragmentation mechanism starts just as bad as C but
already after 10 milliseconds the average access delay is below
30 500 microseconds. Later when one second of simulated time has
passed the B curve almost Jjoins A i.e. it converges on the
performance of the simulator starting without any fragmentétion
at all. The convergence speed depend on the amount of free
capacity in the network and therefore also on load. The load
35 during all these simulations was 80%. The defragmentation
mechanism clearly improves the access delay and also makes the
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VWhen the | oad increases‘bove a certarn point, it gets". difficult .to find
free tokens, bl ocking becones significant and ut|||zat|on only ‘incr eases
marginally with | oad. The.degree of blogelng at a given'l oad depends

rai nly on the mninum capacity 5 requirenent of user requests. The | ower
the m ni num capacity, the higher the probability that the node will be
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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

10 can be supported.

There are two main factors that influence utilization in DTM.
First, each node is =551gned 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 link
15 capacity. Secondly,  token reallocation incurs overhead since
while'ea slot token is being reallocated between nodes, the
corresponding slot cannot be used for data transfer.

- Access delay depends maiﬁly on.the load on the control slots,
and on‘how many control messages need to be sent to establish a
20 channel. The accessydelay is typically a summation of a few
delays: e.g. node controller processing delay [5 ups], delay in
finding and allocating free tokens (100 ps], waiting for the
first available control slot to pass [50 ps], and finally
waiting for the first allocated data slot to be filled with
25 user data [62.5 ups]. 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 DTM 1is exposed to traffic
30 patterns that are more 1like ‘the relatively short-lived
transfers (4-4000 kbyte) seen in computer communication will 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
35 the arrival of a new “packet” of information. The node
controller tries to allocate resources for the transfer,
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I-'oad of the control ch el , and thereby the access de‘lg.' In-, -fact,
2

wi thout an efficient defragnentation scheme fragmentati®n 0 .is .the.

dom nating contributor to access 'dela% in the stmul-ations. . A
consequence of DIMs slot reallocation nme Ranismis that i t t akes

| onger time to establish channels that .need high bandw dth. This
trade-of f hirghtsmdd § ushe fdata and fypaldf zaletarsaaﬁa‘iti? hahanaeais fhdrst is a
medi um acc I u hess I dd v 0 an

al | ocat ed ?gﬁpq(iﬁ%dttslr%}?\sﬁeéryth% rsnﬁgﬁgﬁgg' |celt eratef ore ca bsg"fa’ﬁc)ceq%li’(l g‘leh

without  Chaemsilnyofeemeht ofathe MEANSIEE i oANEr ot%nehort?ﬁﬁdmvar s are

that requi iﬁd@b@lﬂmd@ﬁd%ﬁébatibﬁsafi@x&%%.ad:@cﬁ)’bw ldhdeugueh 3 | aRgRb1eand
will alnost %@%ﬁ i nvol ve r eal Igcatlon protocol. However, in
n t

gener al >hi §fi®ha Hmtqwasnspé?g \ﬁl | Fransfernast y abeUteskOsdikia  pacs may
access del ayiide” tﬁhﬁﬁhamm@ﬂaESﬂﬂblhﬁMﬁeﬁbOW@Héyﬂbﬁhﬁeﬁﬁ@%ﬁ&ﬁb & IcHirdnel

swi tching 95058%%5c%§rf ”¥%§¥ﬂ1tIfgééfgggdyugséggilshe w%en the transfer
starts. Between a setup and teardown, the capacity of the

channel is completely reserved for the user. The most straight-

10 forward use of the channel is for a single transfer, such as a

file transfer or a video transmission.

Depending of the characteristics of the application, ' it is
.possible to optimize the ﬁsage of the channel. For instance, a
channel may be used to transfer sequences of higher level
15 ﬁessages,such as ATM cells or .IP packets (this is similar to
using a single VC 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 message will reach every receiver on the multicast
20 channel and receivers must be able to filter messages. An
alternafive 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

sequence.

25 This type of user behavior' is not incorporated in the
simulations, since they aré 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

30 allocated, even before the receiver receives the channel
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:
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t han :
— Requested capacity for a channel, which is ‘the number of

5 slots that a node tries to allocate. For all the simulations
in this paper the requested capacity is fixed to 40 slots or
20.48 Mbit/s.

- Minimum accepteble capacity. A node blocks a request if it
cannot allocate this number of slots. This is normally set to
10 40 or 20 slots (100% or 50% of requested capacity).

— Source address.
— Destination address.

The source and destination addresses are generated randomly
(all nodes with the same probability) and user inter-~arrival

15 times are exponentially distributed. The simulations
investigate ‘the effect o¢f signaling capacity and silot
reallocation overhead on utilization, channel set-up delay, and
blocking. We simulate varying traffic conditions, for a
topology with the following characteristics:

20 - 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

25 management protocol. o

~ 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 1links have been announced to appear soon on the

30 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
35 proportionally depending on where the nodes are located on
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the centralized nodel ‘)rrpari ng fig'.s 11.and 13). A r?Urce‘--lO.“-
and

managenent system that conbines the centralized the -+ .17

dj stributed nodels using a small set of t?gen server nodes%' i*s** -al so
‘possi bl e. Furt hernore, connection establishnent overhead can be

desi gned to be very small, resulting in high utilization even for small

15 (a few kbheebps tﬂ&nsﬂel@semc@esgddehaytcstﬂUﬂn@lQb peneréter the more
hundred m crosgeeRys &xen Aty highnbeady. Thgreslgamr RS HE! EBHtrﬁl Wacity

arrangenent can |ncrea perfor mance by a factor
‘i ntroduci ng @Rybekty ?qﬁaﬁ%waﬂelumo‘f%eﬁohesth@squ heor al%mpdeéusén the

scheme it 'SnéiiﬁBrBEDru@.tlHWé apbkéR YeevtRe, 2@ hededd agapat 3550ﬁor@etamrol
accordi ng to ention as fragnentatlon may occur in
sl ot an segﬁ%ﬂ?caFﬁeﬁ§pg igher processing capacity than the other nodes

—~ 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

10 are presented in fig’s 11 and 13.

- Two different token management schemes are simulated: an
asymmetrical scheme where all_the,tokens oni one fiber are
managed by a single token server and a symmetrical scheme
where each node controller manages a small piece of the

15 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
20- 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
25 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 user
30 requests large transfers (4 MB at 20 Mbit/s capacity) and
signaling capacity is not a bottleneck (see right graph of fig.
8), wutilization is close to the ideal case. Real traffic
behaving 1like this is bulk-data transfers and audio/vidéo
streams. The differences that are shown are a result of: Some
35 capacity is in DTM used for control slots lowering the
available number of slots to be used by data transfers. The
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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 1is 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
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
the simulations are performed with .different packet sizes. If
the full 'capacity of the channel cannot be allocated, +the
request is 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 1if processing capacity in
nodes or control channel capacity is too. small. The server
nodes may be especially overloaded. The result is that queues
containing control messages start growing very big. The control
tokens represent unused capacity, and therefore the throughput
is degraded. '

In the 4 kbyte per channel simulations, the control capacity is
the 1limiting 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
mechanism improves the performance of the system. Throughput
increases by almost a factor of two before any significant
number of channels are rejected. The wuniform source and
destination distributions of channels 1limits the amount of
increased capacity gained by slot reuse. It has been shown that
if the source and destinations are generated evenly, as we do,
throughput may be doubled on a dual bus. In the simulations it
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may also be seen that beyond an offered load of 2.5 we may
actually get throughput higher than 2.0. This 1level of
throughput, however, can not be reached without some channels
being rejected. The channels with the highest probability of
being rejécted are the ones that use many slots or segments.
Therefore the system “filters” less ¢greedy user .requests and
throws away the rest. This 1is normally not an acceptable
behavior and we therefore do not investigate this any further.

Throughput degradation occur at an cffered 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 degradaticn of the 8 kbyte
simulations at an offered load of 1.8, Zor the same reason.

It may be concluded from the simulaticns in £ig. 10 that the
slot reuse mechanism almost doubles the system throughput with
only minor changes to the centralized tcken 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 inerease 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 stricély increasing.

When comparing the DITM performance in fig. 10 and the
theoretical values in fig. B8 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 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.

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 pus). Both access delay and throughput
are now limited by the round-trip latency to the token server.

R 1 T v RS




par aneters describing t'éegrrent(s) bet ween source and destination

node, - that two or nore segnent-consecutive tokens presenting.the
sane slot range are nerged into a single token when existing-fn 10.the free
pool of a node, and - that simultaneoug3ransnissions in the same sl ot
over di sjoi nted segnents of the network are enabl ed. 2. A slot

reuse met hog-gee@r didihy 0i gl 8hisl.cafard@stends on iwaesl di:stahbat tidt dexvers,

i mpl enented in g central token 15 agenment scheng. 3..A_slot reuse
met hod accg?Hanlﬁ oleiSPﬁf‘f,enEhacF%rcT?B?-et‘an? & sllr?et’hayt?‘}l@%?ﬁﬁl éf?é?ﬁrbdcf
in a distrisuredgligkem the maragef®Entsksodeas. the estabA ishnterrteyse sweted be
according to clai.m1, character- 2 Lzed,_in t | LeLS | nte
resource naﬁﬁagﬁéﬁfd ggfgten%tha o% nbﬁﬁ%%gthgg%%%%ﬁgfizgggggg'thgméhﬁ%ls
di stribubedtransferring large amounts of information such as 256 kbyte
with a duration of one -tenth cf a second are still efficiently

supported when the bus length is 1000 km.

Using a centralized token manager has several benefits. Clients

may be simple as they only contain state information related to

10 their own opened channels. Slot reuse is also simple and

efficient, as. the slot server has all of the free tokens to

-~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

15 token pool in the server is normally very modest, resulting in

very few connection establishment messages per channel even for
high capacity user requests. | |

There are also drawbacks. A user that frequently establishes
and destroys channels may introduce excessive signaling by

20 "always returning tokens after use, but then <réquesting the
tokens again within a short time period. The processing
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

25 product of bit-period, bits-per-packet and media velocity the’
round trip time to the server may also limit performance.
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.

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

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

35 manager, but with a policy whereby requests are accepted if 50%
of the requested capacity can be allocated.
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mét hod according to one of the claims 1-4, ° characterized .in ".that.it
is conbined with a defragnent- 25 ation method in which - =-a hene& .n0ode
s defined for each token at network start B or during network
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of a node. de)’?rggmém?la‘&tio'heU§§ll.€ﬁéh0dl-\ﬁfc%c5&é@ hFd aidRe: sER apkBEessink
zed in that two or nore tokens wth the sane slot or

5 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 reliability.

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

the distributed implementation.

15 One 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 infcrmation
acfually 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 fo avoid wasting control capacity when

resources was exhausted.

The reason for this is that the status messages only describe

25 “global” tokens covering all segments on the bus. A global
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 wused, . that was developed for a
. system without reuse, is limited in its ability to help new
requests find free capacity, and can it the worst case result

in higher blocking.

The throughput and access delay of the distributed token
35 manager with bus lengths from 1 km to 1000 km is presented in
fig. 13. A small 16 kbyte packet is sent between establishment
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pi cked fromfiffected of the bus length. The 1 km and 100 km busses glve
about the same throughput and access delay results as the 10 km

5 bus because the latency introduced by using a 125 ms 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

token server, especially at low load are tokens found very

10 close to where the user fequest 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 server.

The centralized token manager sysiem will have the same
15 performance almost independently of the traffic as long as
ptocessing 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
in bursts. When a request arrives we defined a new request to
20 arrive with 90 % probability after 200 ms: The result is that a
burst of requests arrives to a node and fdrces high temporal
locality of the source addresses. Second, to generate traffic
more similar to client-server behavior the amount of traffic
arriving were increased to 5 server nodes 0, 25, 50; 75 and 99.
25 The probability of a server destination is also higher.

In fig. 14 is presented throughput and access delay performance
of the distributed token server system.

It is clear that the distributed implementation have several
benefits but also drawbacks compared to the centralized tcken
30 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 low capacity
request. The drawbacks 'is higher blocking for an inflexible
user which may therefore need to retry several times to gain
35 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. .
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&f¥kiéult-tgi@ﬁgkg%4ee %%kens, 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,
the higher the probability that the node will be able to
satisfy the request. Furthermore, in these simulations only one
round of token requeéts is sent out for each user request.
Utilization can be increased by making several roundé (i.e.,
using retry), at the‘éxpénse of longer access delay.

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
infrequent, will result in an average access delay around 125
ms (a single cycle).

In addition, due 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'deffagmentation scheme fragmentation .

is the dominating contriktutor to access delay in the

simulations.

A consequence of DTM’s slot réallocation 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 protocol. 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 DITM 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

SR




ANENDED SHEET ¢ L e
29 | . ' .--! ..:

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

5 defragmentation method according to the invention to decrease

the number of control messages needed for channel establishment

and slot reallocation. Using the defragmentation method for

long busses the distributed model shows better performance than

the centralized model (comparing'fig’s 1l and 13). A resource

10 management system 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
15 (a few kbytes) transfers. Access delay is found to be a few
hundred microseconds even at high load. The slot reuse method
and arrangement can increase performance by a factor of two
without introducing any extra hardware in the nodes. Using the
slot reuse scheme it is even ﬁore important to use the
20 defragmentation method according to the invention as
fragmentation may occur in both slot and.segment dimensions.
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CLAIMS

1. A slot reuse method for increasement of the throughptt in a
DTM (Dynamic Synchronous Transfer Mode) network character-
ized in
5 =~ that the DTM block token format is extended to include
parameters describing the segment (s) between source and
destination node,
- that two or more segment-consecutive tokens representing the
same slot range are merged into a single token when existing in
10 the free pool of a node, and
— that simultaneous transmissions in the same slot over
disjointed segments of the network are enabled.

2. A slot reuse method according to claim 1, character-
ized in that it is implemented in & central token

15 management scheme.

3. A slot reuse method according to claim 1, character-
ized in that it is implemented in a distributed token

management scheme.

4. A slot reuse method according to claim 1, character-
20 ized in that it is implemented in a resource management

system that combineé the centralized and the distributed

models, hence using a small set of token server nodes.

5. A slot reuse method according to one of the claims 1-4,
characterized in that it is combined with a defragment-
25 ation method in which _
- 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 always define at least partly a
continuous slot range,
30 - free tokens are sent back to their respective home nodes when
a significant time has passed and,
- two or more slot-consecutive tokens with the same slot range
are merged into a single token when existing in the free pool

of a node.

35 6. A slot reuse method according to clzaim 5, character-
ized in that two or more tokens with the same slot or
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segment range are merged into a single. token when existing in

the free pool of a node.

7. A slof reuse method according to claim 6, 'character-—
ized in that when merging slot~ and/or segment-consecutive

5 tokens which have the same slot or secment range always a
segment merge is prioritized before a slot number merge even if
the number of tokens will augment.

8. A slot reuse method according to cre of the claims 1-7,
characterized 1in that when a ncde get a token request

10 from a local user or a remote user a tcken is picked from the
token pool using a best-fit algorithm in slot number and
segment number dimension, in.which algcrithm the token with
smallest area in the token map that fulifill the requested
capacity 1is chosen.

15 9. A slot reuse method according to cone of the claims 1-7,
characterized in that when a nccde needs to request a
token from other nodes and no tcken that fulfill the requested
capacity exists the number of tokens that are prerequisited is

minimized.

20
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