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Path First (OSPF) protocol. These protocols are used as so-call® terior
gat eway tHR GeebI0sNGderin AW [”@de@ﬂ&uﬁaﬁyméﬂmsk@l%¢mﬁle@ﬁé vigdi$2 a common

nejguork bishd t?wfe'hgaﬁmuP?‘ et sE@ dralh cdy :HPE'EE)'?}'\'ETP@ ﬂ%@gi gfiave

predefine ‘data pat Connectirons bet weeh a send i ng node an E receiving
node, i deﬁrmu!tasetbe det@ p&lelua/whlkls ldad\to e Minkedmdioknrusts.cat i on connections (e. g.
t el ephone networks). Interior routing protocols are in general based on an
approach wherein data comuni cation froma sending node to a receiving node
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30 to the next node has to be chosen is "made up" by each node separately. Therefore, a
node also referred to as router transmitting data to other nodes/routers does not "know"
the complete data path or the data links forming the data path, respectively, for the

communication of data from the sending node to the receiving node. Each node/router



is router database. Therefore if no errors in the network occur, the
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honogeneous di stribution of comuni cated/routed data or data traffic,
respectively, s throughout the network. The method is also applicable for
traffic engineering in MPLS and routing in further {®ggptaphibdr 2004

optical /digital wappers) optical networks. Short descrl ption of the
invention To solve the above problem- 3t he present invention provides a
method for io controlling data traffic in a network as defined in claiml.
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The conventional approach to optimize routing of data in a network was to
25 improvefenhance existing routing protocols or to develop new routing protocols. Since
altered or new routing protocols must be established throughout the whole network,
usually, altered or new hardware and software components are required. Therefore, this

optimization is mainly limited due to organizational problems.

30 Object of the invention
The object of the present invention is to solve the above described problems of
the state of the art. In particular, the present invention is directed towards an

optimization of routing of data in a network using existing routing protocols, namely

ective data



recei ving node can be based on the definition of an equation systemfor a
| i near optim zation problemand the solution of the equation systemto
define the optinumdata path. For the equation systgigepfanfbecEidd’ e
function can be defined which includes a is termbeing 1ndicative of the
link costs. Also, it is possible to define an objective function including
a termrepresenting maximumlink utilizations, or average |ink
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30 For the determination of an optimum data path from a sending node to a
receiving node, all loop-free data paths from the sending node to the receiving node over
respective data links and nodes are determined and data paths are selected such that all

data communicated between two nodes are4communiEated via the same data path.




Wth respect to the conplexity for solving of the equation system which
can be very tine consumng, it is possible to use the last solution of the
equation system which 30 has been deternined withi magaprHghdEshs | me
interval. For exanple, this approach is preferred if, wthin the predefined
tine interval, the objective functionbts not feasible, no mninmmcan be
determ ned for the objective function, or the objective function does not
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atle. nei ghb oIt ERe CSBRY NGRS 671 b QEIbi5E, HLe dlsta W20 2hdeénd at ¢ he
recei Vi RghdWslthOdurfidiat OBtd B EAEAoR b PacitR8 dorehir-ile ARixMAIm gl ude further

nodes of the optinumdata path, while no cost constraints are defined for

t he rens@MmnyTicadipn chgackies dengdqdalial lggemdan theeametrdofdats e num dat a pat h.
is Due to the fact that the anount of data t-0 be conmuni cated between a
sendi ng node and a receiving node nay vary over the tinme and due to the
fact that several sending and/or receiving nodes are comruni cati ng over the
network, it is preferred to performthe determ nation of the optinmum data
path according to the invention continuously, at predefined tinmes, or in
predefined time intervals. Here, it is possible to 20 determ ne the anount
of the data to be comuni cated continuously, at predefined tinmes, or in
predefined time intervals, wherein different predefined tinmes and/or
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As an alternative, it is possible to determ ne the optinumdata path for a
zs predefined (e.g. nmaxinmal) anount of data to be communi cated. Preferable,
t he predefined amount of data to be communicated is1§gg?@iln|9érmom mat ed.
Especially in the case of very |arge/conplex networks, there is often a
possibility to divide the network int@g-at | east two parts or parti al
networks for each of which the determ nations of the optinumdata paths are

per f ormed separ at el e to the shortest 30 path |nC| e t he
concat erfRIERHEGEsH Orgijat@ REMERRICALNN (RREHiG n%e%% QVS’F ef H&Nsbl ut i on

obt ai negjr@dlerhg@w%%ﬁm TiAt i@Rakdn.one | arge network. Mreover, it is possible
to group at least a part of a network to a virtual node. Here, the
det erm nati orf Bfthenhdefwytidnmimhysica dplay isonstrairisallevsehaidatgrpmativoof dftat he 13

Septerrber net k i.ncl i the,virtual nd the determ nation
ot o, st vingchry e RlaS s bPRa 4 S sthBet o e A b PRt g

t hes vi r tdeddy. oEemabetHeanfantion,dthe phadiad ebidy rébteseptsethenimd myaifdd on al so

provi des a system for conmuni ggg#t%n of data in a network via an optinmum

dat a pat®@MEEHRE HRfePsMeRi ned RECEYAE CRINESHRSY vsesPestive AaipliBk% havi ng
nodes/ r out er g, GPA&§E bBiPn gaﬁrﬁuwdatsaspamhﬁé@qna@dn dy8@nt foP ke fHeak N€ nodes i's
a sendi ng node and at | east one of nodes is a receiving node, and

cont r ol qmmtlb@pr@!em wrﬁ@meédpytmtnmzatmmfrtke peiectdgnttionl regafgmgath@

communi ¢ t r dapt ed
o carryote by BE dRblont Bt ity Oe el B b tbiths FERIR Rie 8
conmuni aht rertglvd\@trmd\zlaae deteopihedrana d&t@t@ﬁhﬂm haﬂzmgfhe maindal ik cve@nNs can be a
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node/ r OUWbRhectiRg @B@rlﬁﬂlk at &dn 5 éd»@ﬁtﬂa@ééﬁmt;ﬁ%rmEwhh%nza&@fv‘oﬁﬁ@t rol nmeans
can conprise at |east one control unit associated with one or several

nodes/ r GWjasEe fUBEtiLfRTABYEY-ng dat a conmuni cation thereof. In order to 1s
control data | > ata
communi cati on o Pl ey il AlicRS drRbrBRAASTs G Berae MBI
confruni caalt:l!cmrﬁhwwﬂhlmume||mMMmlhwomamié@r/theunlerz®ts,mfeﬁ@mbjae bei tshd ahich

nodes/roters t obtal tlonvvl n e

et vor k 2B fieifish 1R LARES SBRL bR O EREARR Bl e b o1
anmount abstd aleighzed mo’eﬁﬂﬂm@aéadhmtha conbi nati on of a central control system
and at | east one cont!raﬁ\lé tEmt can rO\L/Cglﬁé he i denti FI cation of optinmum

dat a paths, B&Y&RERICH %ﬁﬂ'ﬂﬂ?'i'%‘ltp Hiye ﬂ‘l‘”&'ﬂm B # 6i9h8T ngl e nodes
and dat @nﬁ@ﬁt@fﬁh&%ﬁh@@ﬂﬁ@ﬁ’é Hé’clerrﬁaHE‘t‘iHri &the bsﬂirﬁ&@u%afté)pém‘%s ﬁ/@ighfe%! Hyed wor k can
be accordi ngl istributed to different conponents of the c¢ontrol neans. 2s
ShaPt devaer p@lugﬁorﬁpar@ﬁéothegwelehmwglue forithe gther qpraBonans obtffecdiectivg a

si ngl e- FFG@&I houtlng on data paths in a network. Fig. 2 illustrates the
effects of the transport constraints on data paths in a network. Fig. 3

il lustrates tlherddteatiimide thbeumbert d)fruglecmdsiataapathsmmcarel'tmgeto t he

t t h et hows I tworks with
65 andoleRBRLC F deREreeien 5 BE' gty faidseth, ol Harsbe BUefhEE4EBbr i ng to
the i ”V%Eﬁs%vfn?ﬂmk Q@st@eﬁ@@@zng@ dfink@finltdtt PreRdFaVEEABR, kivdink cost
utilization Sept enber 2 -10 Fig. 6 illustrates the data routing

aceédr di rﬁ@gediaﬂﬁl@ CierﬁU%??'b\f‘?-eﬂ dra”@rﬁeprédfﬁfwé Ureeribresheldr e Aivaiug delrmaxi mum
| Tk UlidnisalrbBNconfiidled fa thilndfbePLERUERE of 3 REEPRntlubipl (hESerRifiegtfy networ k

with mni mz average util1zation according t e I nven s Fig.
8 il | ustrecivirg ndges] i nk costs for a 6 node network with m nim zed naxi num

Hink utili Zat\l\'liﬁwnrezsigecc?Eod{he%ompiéxq:\? férns\éﬁm;[g' (%Qhe equation system, which can be

very time consuming, it is possible to use the last solution of the equation system which

30 has been determined within a predefined time interval. For example, this approach is
preferred if, within the predefined time interval, the objective function is not feasible, no
minimum c¢an be determined for the objective function, or the objective function does not

converge.




Fig. 9 shows a diagramfor the changes of |ink utilizations according to
the invention for the 8 node network. Fig. 10 shows a diagramfor the
changes of link utilizations according to the to i yegbpRimb&r20dEe 14 node
network. Fig. 11 shows a diagramfor the link utilizations according to the
invention for selected data |inks of the 14 node network. Fig. 12 shows

| oops which are only avoi ded by the objective function and not by the

aceor i ng t o RRENTY S ElEnE By wBleR e BRRRaREY B Bt BVRBRRL S e

i nvent i ared,thgeo@bal of vadidiiss fir tie definiunkof ahe equatiphtsgsteMamAde extremely
systerrs/ur}ibtsgse_rver) whi CE can r.ecei ve an _tr_anzm' t data via data |inks
whi ch aré8'c dhR&EEWAr g AU %rp%ef@r' es,{0k 8 objertiyReuntdar s igdhe BEIBpeat ed as
sendi ng AaARS, fRQENDFRedRtsthE POFMbENEhReGRSNRIsknaNe rQirbghiakkng. Further,
t he nodes can be operated as receiving nodes serving as a destination for

r ecei vi mymiet af dasaniioks. Oatasarinfed dinthe ragivg consteinientic mgmbedef vaviablesd@r , t he

nodes cap_ be operated as sqrcalled routers whi.ch receive data fromthe

Condr ng P BsERR Pty Rpe RhaEf LB L Pt Pe o e o P o Ve 1o
a furt hehe nodBér sFukaEbled adort foeret @Rethy inDmbBocfedatdatia thibakenbigdraeesr nodes of
the network are oféen referred toEei?sraé)lnterfaces Tifance the data |inks do not

only cor3 PUEHQn 9idse paYatioRSYHRKs P Bam 16 &8¢ 8h'amse Retwetksi sImMped cal

si gnal s &RRFHSSeNddBeIARIR 3fehdBmkfdMEdth LbRmMuBkbtG] #OMITAE QRfi%y AR BOf t ware
conponents required for the transm ssion of data in a data network. Such

hat@war éheragelyantnede éor3l leemiie datedpathse Fuidlieerc 03fa dathisomalideptited ad dath | i nes,
data bu , ffer W i i ogr ams
For dat D25HoF SEHETERTEtAE Bilfon B AERAGon DR b ke P SRS B0 s
(1.e. raotmoicatiet toelasyl/orandhtd beninukieation tiBe Beipy ambaber tBOO4E prddkfihed or der to

achieve the objective of. the present invention apely to mnimze all |ink
Q1| 2 et PRSP SR AT S B hsre Rt ey Pl aefBe ARRATRAI | | nk
uti|i zatda@neor@fghitRiokerie &heedehivied pakiateh &Y thetimdiibs dbddrtindddeta bet ween
nodes of a network in a certain range, it is necessary to describe fornerly
t héS net WOFRIUAKEUPhEM8at a traffic thereof, i.e. the s ampunt and flow of
dat a conmuni i : r i oAl ,qlﬁta_g i tk

mat ri xes ar eqﬂgg%:s b%tﬁgﬁﬁgé%@cg%% &ﬁa}fbﬁh%gg@g C?s eﬁi ﬁéﬁ"g?f"‘éﬂﬂ{c“:‘gaci ty
mat ri x hhaguatign systes; erly Mat, linkk ckidad apgdssiblet dajia paths laee owpdabiotapvemt ri x C

represent. I C | oy f pai f i.and (. ln case no
dar = 1o Pe b eGPRGG e Ioks RLEBPRE Y UGy 49 The
capaci t ywothiciudad B allspaseibletdatdpathbie second matrix is a traffic matrix F

whi ch conprises an entry f:~ for each pair, of nodes i and j. Each entry f;~
roff esent 5. t BE SRS EHGY T DISGERIEC QU BUEHRB N FoSBESEI i TE. 1t no dai
i s exchang@fuh eiheRp dbiwoRPilafcatibh BetvRER SolEY Se@MpldyedN T Helet fRf fic matrix
Fis set to 0. Depending on the inplenmentation of the method according to

t he i nvé&ARsids su¢hsprepefinastqoimssurication fimeHinitsy i Pessipi toi defipe damphvsislesent

tati P i po b . ! .

LB DhOE, I G B DO REANS B VLTI 3,

can r epriekgrbndtiaintaateuradt détearairfeddysthb attweldima cepsedfortthe cormtmomicktionThi rd, a
trix D.i,s i duced whjch_d i t he physi cal A f the dat

| hics. PRESTBHTLIGER e Byt B i tanen sRmmuBineran e SRuSior@shretizsary to

comuni gatLirfat a 20 between two nodes over the respective data |link. The

entries d;~ of the matrix D represent
Likewise, characteristics of a network resulting from the band widths of the data

links are considered by defining the physical delay constraints on the basis of the
bandwidths of the data links. Instead of using the actual time for the communication of
30 data over a specific data link, the bandwidths of the data links are transformed into
respective physical delays.
As an alternative to the above equation system, it is possible to determine the link

costs on the basis of a linear optimization problem. Here, it is preferred to obtain the link



t he physical or approximated delay of a data |ink connecting two nodes i
and j. Based on these matrixes, the routing optim zation according to the
invention can be defined as a |inear optim zation plP8LEEmMKSy oW, a

| i near optim zation problemis described by an equati on system consisting
of two parts, the objective function a#d the zs constraints. The
constraints define a nulti-dinensional solution space wherein an opti nmal
solution of the objective functiqn s..tq. be determ ned. The, opt] nal

ol ut | oncedts Bh@nanitEa e e B v aAmi1E" piading rEIGAERT PHOET rASB i on
space prpausdstible thit £asa fath 6MeeisBueaE idat pdtRehaliny aBhm \GRlitiecdseS bike

obj ective function. To achieve an optim zation of data routing in &

net wor k, laeaef ceppared o Adns af Hitkscosis P fampinies datBInathsglan tbiesaieciet astile obj ect i ve
30 funct] t e fulfilled. First, for data comuni cated froma
sendi ng %@(@’éﬂ\?})ﬁgtaa Isr)dg?'ei vi ng node, data paths have to be determ ned over
whi 6h dat a calt idprefareedsmdeting tosd norestkaintsfor all ef tHeeseketedi deda pattie otireel t he

recei ving _node gre not directly, connected b data_ link, ssi bl e data
baths.hah Seoiniur Sboait suen wef ftdkcess i el uin Bt harer Bed vi ng
nodes bufo R SRalleHfiaRehe TRKEstPRE all 86 PRGRIcHRJIURERPAthH Kther GHRGEE bPEmLe sane.
In order to avoid that different data transmtted froma sending node to a
recei vi ngptAa®dd. are routed/transnitted over different data paths or data

| i nks, respecti Y/ [ i re.r i a
so-cal |l ed si nltg?l déﬁ%rattohr%s’&r%gﬁ% .E‘”é?‘g{?h&gi‘f‘ﬁgfe@%g}t’ E?Srt%}ﬁ'tﬁls c%'ﬁ'éeft%’g’.gﬁ'ﬁeg
ensar es tdshtorsiraiotd fpr tose dhthe ebctedobtavpaths otier tuohes £ optitnemsdats pawf | ned f or

a possibl e sol ution_of the. objective function. . .The effect of such a

i hor e o Rt oMok FigBBo Tiekin® Sehdig hode orehl Sofipl et e e

i ndependgrthe edcelvit® nigiedf tieubptigurd dat:oe:eh, aRtwhich dbabteendanmest heddsers C
and Fis ejt nod%/r uter D or over node/router E. As a result of

her ove >
the si ng‘Pfet-%aPW“P'&F[ait%B?t bBTHE BRFSS ConaBiE aT&-qelRpe a5 the Freaining OBENef i r st

over nodeddcedd Blia &@Q@tﬁép(ﬁﬁhrpﬂhbfb%ﬁnﬂ”ﬁaatg(agﬁ{.I‘OUt er D or over node/router
E, but not one flow over node/router D, while the other is routed over

nodé/ r out er EDueSeddadact thaidte eyoedeltdatd ke ¢avnaunicatp@ betwekn lalsedding cor di ng
to which . i ifi i nk does not
brceod t TeCnBTMPbEY npR Mol SBREE CHmE MR o RPRE| il 1 FO50 It
of dat a sehiioh aodfor becetimgmoties atecbnavieniciting avesiheatatwerkdatiaprefonted tdhe
capacity of a . data link.in network i not limted to the physical

e Lretor 2 ety Mgon A opRRLEY gt PR BB oBs BRI of the dat a
link (i -Wti%&ggy hEFred¥fine8imdsl 65RpredufiRed SHRIiStrvals. FIeR:, (3t Bodshid®
transmtted or data packages t her eof can be stored for exanple in

i nt28r me dieirEnRiraneanspf Berdeta fnhe cmwaryEated cotinyedds/at prrasfisedhbmes e

transm ssiipBreabifARAE RAENES, GRGRSIHEER: fRadFkl IS RAR drgaist raints in

terns of a linear optimzation p t he approaches is
pat hor i epredefinediimesntehelotdndre isedfforoie cetesmirationof therapdipert déte pdtt a | i nks.

0o casoreqaer EPafith AERe RIS TR MREBRIBE 1o 1 ow oriented
approach t he ghangesndthe} b& pustiblei to fetrminaehe sptmtimathts pathtfbea pat h ori ent ed

approach are described. |n order to apply the nmethod for an routing
opBf mi z APHHINGE &P dAYMED amint AT date it%ge CAMEYRIsAies: Piferablenthexi st i ng

routing PEQREQbmouhlsr dR4'td BO-RhARRLIRET SRS & SFHr&mbdea, used routing
protocol's has to be considered. As nentioned above, routing protocols

currently in fspegially.ie the tase OBREY farge/scmplexmatwarks, EheRis ofterea bassédlitpn

routing ,30. rit far e nat | est data path for
data to tgéh\ﬁ%u 8&8%51'@05%%%%9 oné)%ﬁes qq‘c?ag&rl g%té'qo\?l?sn%p%@e& W@E@eal gorithms
for the ddp@niiresivnsaft tepptimuroddth pgthsrap perfératedakepardaia Meround: sjired: bet ween
two nodes/routers are routed over the sane data |inks. 13 Sept enber 2004
30 path principle the concatenated solution of the smaller networks is equal to the solution
obtained by the optimization of one large network.
Moreover, it is possible to group at least a part of a network to a virtual node.

Here, the determination of the optimum data path in the remaining portion of the




-13 Objective function The objective is to achieve a distribution of

transmtted data or a data traffic distribution as honbgeneous/uni form as

possi bl e throughout the entire network. In other s yp&dstensbdr 234 |inks of

the network should be utilized as equal as possible at a data conmunication

| evel as | ow as possible. Since the f.gow oriented approach is utilized, for

each data fl ow between nodes/routers i and j having a data traffic entry f;
> 0inthe data traffic matrix F and for each data |ink having a

capaci tyle@vﬂrwcwdmgibeVWU@h@d@aﬁﬁécthwemvmakorco @e@@w@ahdatarpaﬁunéhe( ~" s
i ntrodu o sendi ng
node a @g&geggggioxﬂégﬁ%gggﬂ r\?p %génrtg te (])Ftvuglr ﬁ%%r%g@ﬁ’or}:‘rl‘(erige%ma?el {'ween nodes
i and j, ot hé’hwipeesemthhserman |a15blpu50\n@552e$ystem tor cﬁmlmtjme:atloraoﬁ/Ma abhe t is
|ntroduce ?flmn Han u hres f?r. '([]J%}tehlnk utilization of all data
li nks. K& 430 'HWH? F||Pa ?‘iCP BN £8© AEAFRSEMPITHE Ut i | i zat i on
have to nb@vcm AEVIhG ﬁ@hesirrbetreesf @fnﬂecté@ay GEIaGFhk!; WeheréinGt | Ie‘é@t ORCOFUAE POGO

addi tive parts both of which is have to be mnimzed: x.. a, *t+~~f"" ~'" |

with c; isgpsending: mﬁﬁ@nﬂéﬂeaawq 9f\ie padas ipp reged/inshipadtey av@ Confr MesAs ( 1)
repr ese'BE;tﬁgtcBﬁnéEPé&' AR héﬂi%rl@f%r %Bhﬂrél@ﬂt{ LEy comuhﬁaﬁcﬂ?mrthg%livﬁqg'ﬁ' ve part

of the objéctive function repres s the average lin I'zation. The
par anet gartatlagfthe thmemaﬂemdlapmmtblcaw ootnor;mftt%hwetﬂmﬂscdn';c&dhg\te function

(1) is seda a el htln actor .for t he maxi mum | i nk

G s arteivaRiol ffcMhulchund b v gh ol Rt (T umt i on part of the
objective fumké corird Meana' beh s @Bt ool lsﬁst@mﬁf%rtdmboh@msf% deptrbhe

i nfl uencellqugorta ce of _ a 2s small/mnimzed maximum|link utilization for

the sel ERTTVAYHEMARJopt IMFRNE e Fet SQdrofiing deif qammeEratiop oY ehlseet o a

smal | / %Bdéﬂ-@ﬁg— Bﬁé%rﬁﬂgofblﬂlﬁod@syrbh%?é' on. For exanple, if the mnimzation
of the maxi mum | utilization has-a higher priority conpared to the

m ni ni zation Fwthetrh@ee@@étfglgéeariswm GeMpriseati least ond eorpiEd anrssocatecsividul d be

h li nk
chosenbie PUEeA hAIGR IRy ESMI ek Bl BEHEL BB-E gyt i |1
Conpar abbrerol th@ qoarrmrmaeon at arsbgtirha neneharsdyor tooconirekdata smmhiun(cﬂal)lorval ue if

the infl neof e mnimzation, of. the avera ellnk utiljzation onto the
el ect | BhiuhesRagesli Bl STHeAterTy Ghie Sostugb Rt Pumerdomy Borat i gher
than t haomﬁﬁou&@@r@érabl@amm 8l fddeatrb@ersab dbbgn iAo loF Bktaut i | 1 zat i on.
Transport constraint

communication W|th|n the network.

Especially for large networks and/or network exhibiting a high amount of data
20 communication, a combination of a central control system and at least one control unit
can improve the identification of optimum data paths, because data communication
control functions for single nodes and data communication control functions related to the

entire network can be accordingly distributed to different components of the control

means.
25 '

Short description of the figures

Fig. 1 illustrates the effects of a single-path routing on data paths in a network.

Fig. 2 illustrates the effects of the transport constraints on data paths in a network.

Fig. 3 illustrates the effects of the routing constraints according to the invention on data
30 paths in a network.

Fig. 4 shows example networks with 6, 8 and 14 nodes/routers.
Fig. 5 illustrates the data routing according to the invention for the 6 node network for

minimized average link utilization.




s The transport constraints ensure that for each data flow, for exanple a
data flow froma sending node a to a receiving node v, exactly one

| oop-free data path fromthe sending node a to the {@ggbwnﬁlge,rmv is
specified by the values of the variables x ~" resulting fromthe sol ution
of the objective function (1). Here, 4le transport constraints conprise
four sub-constraints for each data flow. io 1. The data flow uv fromthe

di de a to th d b t tt de/ t [
g BUAU NS R A R PR R A

-< 1, T@mhifkéd Ha@¥un¥iniedglizalidn. nodes/ routers i (2) J—LC ~>0 2. The data
flow uv fromthe sending node a to the receiving node v is routed via

exact | y Tae’ lilyskratds thedmk cosés k6 el @gomd@twarltWItaﬁnmlﬁ@edr&va@gedmk er i: NN

20 ~x";" Iovvs uv (3) =i,c";>0 r=i.~;">0 3. For-all
dat a flot\;\t,glz%@n%cgcirdfrw tos:cg('rﬁ ‘Irelgt'gnode i to the receiving node v and for each

router iFigxgalistiate tﬁeﬂnkngtaafmdarﬁemie\ﬁemgonmdesmmmnddmaxirmn heirber of data
links | ea |n9 zs into router i _and the nunber of data |inks Ieadl ng out of

the rout #iZ8tREOBIPIRIEE VEWL Ny are equal : N N ~x,' "' - ~x~ " = 0, for

all flowsgwy Bds %'dlacﬁé’rq%r/ %%Sﬁg%s'ofﬁm{ Htlllz‘éﬁor(s‘@ccéi‘alﬂ\é“tﬁ(?hé rnld@nt?oq for 13
Septenber 2004 -15 4." The data flow uv fromthe sending node a to the

recei vi nedotsleinetw@tit ed over exactly one data link |eading into the

receivin ;
o Do Ve el ¥ e 9 oS st A B A 2Rt S one
qup fraevelmbaf@aﬂhh #rrooe nbevalendi ng node a to the receivi ng node v is
illustrated in Fi 2. According t uation data link va
connect | Hg Hhadons Seidrahdor e ek %0aas f 8l b ey tri it oead dar a
link 1s dfadhrdfithd 94 eaedn&dvotihe nodes/routers a, b and ¢c. Inline wth to
equation_( f one data link is | eadi ng out of each of the nodes/routers a,
b and c Figr 12 ndhows loops which are only avoided by the objective function and not by the

transport constraints.

15 Fig. 13 shows an example for link cost algorithm according to the invention.

Description of preferred embodiments of the invention

In general, nodes of a network are computer based systems/units(server) which

can receive and transmit data via data links which are connected with respective nodes.
20 The nodes can be operated as sending nodes from which data send into a network are

originating. Further, the nodes can be operated as receiving nodes serving as a

destination for receiving data communicated from a respective sending node. Moreover,

the nodes can be operated as so-called routers which receive data from the sending node

or from another node/router and transmit the received data to a further node/router or
25 the receiving node.

Data links between nodes of the network are often referred to as interfaces since
the data links do not only comprise lines for the physical transmission of electrical/optical
signals representing data to be transmitted but also hardware and software components
required for the transmission of data in a data network. Such hardware and software

30 components include conventional electrical lines, data busses, buffer/memory units,
processor based units, software programs for data conversions and implementation of

data communication protocols (i.e. routing protocols), and the like.

™




data flow uv. Conditioned by equation (5), the data path for the data flow
uv is directed over the data |ink cv between node/router c¢ and the
receiving node v and terninates in the receiving nofesuptdNeN& 3dip] ess, it
is still possible that a | ooped data path exists beside the chosen is data
path for the data flow uv since such-lbops are not avoided by the transport
constraints (see Fig. 12). However, such |oops are avoided by the

i zat | ; ik ut idi : . _ : oY : 1)
Capact 1y condiiorddha BiiEGRRe bttt ot heBrosert hfkrkdf, Grhaphd MitydRch o1 (o)
dat a or lhhetidationd faaéfage liok etilizdddra),| to mhisindze thetmadremdink hlizmdpacaridytoof t he

respective data |jnk The,  capaci.ty ,constraints_conprise two, .

by condera i e Blayh St Aty RSO AR R B IEToR e Fortameznioe, st

sub- const s dlbdssarl 86 @BscriBe fdrieky Wid hétéad £ the Bl haieharedri xednbevel
defined by a paraneter a~: 25 ~x;~"fu" <- a-c~ , for all data links ij with
c; t>0 uvanmnsand Bow ofBeiacomaaticaladdr shewnetwiork. fottislonealaskiniios, B t o
handl e frﬁ{triﬁessé?grutseci“r’) (6) tinme interval data traffic being larger than the
physi cal Transm sSion capacity of the 30 respective data |ink. Therefore,

t he par anet erFirat; airetwork widsll nbddsasl definedddyuesapheitywmetrixOC amdnd theTsizeset t he
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default value. The second sub-constraints given by equation (7) defines an
upper t RNEYADEE eerciHBalrix ks s 10i0zat i ons. The variable t used in the

obj ective T URGLIQMhsihatigl 23R MR R wicrRRHIAisEOtn ARy Hirbi ifARReO! al

i nks. Wiile the paraneter a~1s a fixe e vari to be
m ni M z eddesThandsje Eacrdergnify capnetentsi the slatfadrafic/détie flownbetweeh bratodess and have a

val ue bei pa. | el LAA0S0e pRIS 85 nblS, B AGELELe

Eﬁtry in the traffic matrix
F is set to 0. Depending on the implementation of the method according to the invention,

15 the entries f; of the traffic matrix F can represent static data flows or, e.qg. if the method
according to the invention is carried out continuously during the operation of a network,
the entries f;; can represent the actual data flows between nodes of the network.

Third, a matrix D is introduced which describes the physical delays of the data
links. The physical delay of a data link identifies the time necessary to communicate data

20  between two nodes over the respective data link. The entries dj of the matrix D represent
the physical or approximated delay of a data link connecting two nodes i and j.

Based on these matrixes, the routing optimization according to the invention can
be defined as a linear optimization problem. As known, a finear optimization problem is
described by an equation system consisting of two parts, the objective function and the

25 constraints. The constraints define a multi-dimensional solution space wherein an optimal
solution of the objective function has to be determined. The optimal solution of the
objective function is the solution within the solution space producing, in case of the
invention, the minimal value for the objective function. To achieve an optimization of data
routing in a network, different constraints limiting possible solutions of the objective

30 function have to be fulfilled.

First, for data communicated from a sending node to a receiving node, data paths
have to be determined over which data can be transmitted/routed. In case the sending

node and the receiving node are not directly connected by a data link, possible data paths




~x~"fu" <- ~c~, for all data links ij with ¢;~>0 uv o~ to Routing
constraints The routing constraints are the nost inportant constraints
since the routing constraints define only such conbjgﬁgé%,%b(gfzoi'ﬁa l'i nks
or data paths, respectively, sufficiently to calculate the costs for data
communi cati on/ routings obtained by a-dadtution 15 of the equation system for
the |inear opti m zati on problem Using the above-nentioned routing

prot ocol s are,al ways communi cat ed/r rtest data path
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datia f | dlows\A-Fand Gt e rovied fingidesr oodedroabet G/aanItlh\en etheqvat hode/rou8r tand (9)
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pat hs exdvet nedd/hveterd/er node a' or node b'. The data pat h incl udi ng node a'
not be used for the data fl ow. uc dat a '§)ath does not i ncl ude

e e o SHeed Saaty corsints bR @3@%@?@ BFFOLHNT taVBPISh fhst Moy diat o

pat h i ncdaslbamOAERed ov@a@sﬁ&tfc%mmﬁo@@hos BRebRkR ddhaWtyMF thel nce this
data path does not to include node b which would be contradictory to

equat i o esRErtive dptalifferl.enbiedsaximpleardenrd obdela whieh cafi bycoronenigatedodert he dat a
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(i.e. electrical wires, busses, processors), since data to be transmitted or data packages

<-1

thereof can be stored for example in intermediate memories of data links and/or of
20 nodes/routers before transmission. Two approaches can be used to define capacity
' constraints in terms of a linear optimization problem. One of the approaches is path-
oriented, while the other is flow-oriented with respect to data links. Here, the flow-
oriented approach was chosen to present in detail because of it's easier understanding .
After the description of the flow oriented approach the changes in the notation of the
25 method for the path oriented approach are described.

In 6rder to apply the method for an routing optimization according to the
invention in combination with existing routing protocols, the routing algorithms specified
by the used routing protocols has to be considered. As mentioned above, routing
protocols currently in use, i.e. the OSPF-protocol and the EIGRP, are based on routing

30 algorithms for the determination of the shortest data path for data to be routed from a
sending node to a receiving node. These algorithms for the shortest data path routing
imply that all data communicated between two nodes/routers are routed over the same

~

data links.




i s Physical delay constraints On the basis of the objective function (1) in
conbination with the transport constraints, the capacity constraints and
the routing constraints, a data routing can be achigysdpfamybdypddye shortest
path routing with an honngeneously, uni formy dlstrlbuted data traffic. In
order to obtain the goal to keep the-physical delays for data zo

communi cation in a network in a certain range, the physical del ay
constraints being described bel ow have to be applied. The range of possible
physi cal delays is defined over a paraneter a" while the | owest physical

del ay fqﬂn@iﬂ@ﬁﬁmﬂ¢MM/ls represented by a variable du'" . If Pis a set of
all loop-free data paths fromnode a to node and if dP is the sum of al
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Especi alokheriviee th[@b%b'ﬂﬁ%\&@ﬂ’ﬂ@o iraechediangriamay isagesiced deliifg andpgat a | i nks,
the solution of the equation systemfor the linear optimzation problem

accor di heeP'q fas the, lnylligatianLf dllat@knfSe i ne consuni ng, conpl ex, or even
| mpossible.  BAGT (b iimdm Ik Gl egetr%oéoé% euﬁk%%um'hs{b fPguces the

nunber of variables and constraints consi er| n evant data paths
15 for thieimizsdutheyafosd, thﬁebﬁmmmtlogymlm t\Relaevram p@r@a bothaf lgichr e

|de§1t| flhggefbn élthﬁmlgggas of the respective physical delay. For each data
w bet wee Wo nodes/routers, all data paths being | oop-free paths are

det erm ned. For each of these Ioop free data paths, the physical delay is

calcul ated, i.e. the sum of the physical delay of the data |inks form ng
t he respec,;g +\2£ & paw%,n C%a (1)
i ouv j

The left additive part of the objective function (1) represents the maximum link

20 utilization, while the right additive part of the objective function (1) represents the
average link utilization, The parameter at of the maximum link utilization part of the
objective function (1) is used as a weighting factor for weighting the maximum link
utilization part with respect to the average link utilization part of the objective function
(1). The parameter at is chosen in regard to the influence/importance of a

25 small/minimized maximum link utilization for the selection of an optimum data versus the
influence/importance of a small/minimized average link utilization. For example, if the
minimization of the maximum link utilization has-a higher priority compared to the
minimization of the average link utilization, the parameter at should be chosen to have a
large value resulting in a reduction of the maximum link utilization by directing data traffic

30 to less utilized data links. Comparable, the parameter at should be chosen to have a small

value if the influence of the minimization of the average link utilization onto the selection




(11) 20 paths having the small est physical delay and having a delay | ower
than the upper physical delay threshold a,du '" are identified as rel evant
data paths. Further, all data links of the rel evantqgigtptpibdis2dd£ checked
to be included in all relevant data pi hs or in none of the relevant data
paths. Data links included in all releVant data paths will be used for
routing the respective data flow over such data links. Data |inks included
i n none ®&nlpamus @a@Pbthzmd@t@ R ThA Beluchenst BeredinhyatioR®r @ ution of
t he equation systemof the linear optimzation problem such that the

r espect invaxirgemaink ugligatiennot routed via such data links. Data |inks included
only by sone of the relevant data paths are considered for the solution of
the equation systemand the utilization of such data links is determ ned by
t he sol drampordfcondteirgguat i on system 30 Sub-optinal routing 13 Sept enber
2004 -ig In me cases, for. exanple for ver onpl ex networks, it mght be
2dvant ageous IRBUTATSEBISHAND SRCHEL 105 Cad Faa (Y EREXPEDERLAP JAsyst em
but to uidnl kzendiiy ARRY @8CH réleRAHd MR W ekl RS Wdplifék data patiborARkd mal
(sub-optinmal: get” a solution which is near the optinumin a practicable
tine) reatdingnodeu totiterrasdiving nodiev sxpeafietbby thebetligsrob cregvarapleshg” 5 maxi mum
link utilization is not directly mnimzed. Here, the mnimzation of the
maxi mumreduttiogutanh theasdlioni of the hbjedtort foyctian (1) dtese, ithe treosport constodints | i near
optim zation eg{ obl em haé/ri ng a di ff(grteﬁtw, reduced objective function and

di f f er efPMPECI PR c‘éod‘i ﬂn& 86}?2?} R LY The conponent a, * t of the
objective function (1) for the mnimzation of the maximumlink utilization
is omtted. As a consequence, the sub-constraints for éhe to capacity
constrailnts FBpraSdived’ Bpmdhe sendng @ﬁewa}meﬁscww P48 Y B&ihdon of

i 11 €1 ey dalibaldBkfodploRtic! RErolRRES ek BHIp SREktkaf Pk (bddy el zati ons i s not
necessary anynore. On the other hand, the other sub-corstraints for the
capaci t ylogehitenii nt s represented by equation (6) is defined nore strictly.

I nstead of using the default value of 1 for the paraneter a~, the paraneter
a~ is iteratively mnimzed. t5 Starting froma value of 1 for the

par amet erfa~,  the equation system jncluding the reduced objective fungtion
i sixol vedzaxﬁléllfifﬂ'kghﬁqvl’ﬁ ‘i‘é?ri‘cf)ﬂgn‘?desé?%'[sé data |inks are deternined(%n the
basi s on™fiffe found solution of the reduced equation system In the next
step the paraneter a~ is set to a value slightly smaller than the snmall est
determned link utilization. This procedure is repeated until the solution
of the rReducé@&te dgaatavwonv BOmstys semdings nadeny & dierrgceivimg nadey tsheutequéd | on
systemis not converging W thin a predetermned fi jnterval or no

SoTut 1 oY oRE 1Bk AL pBrne sl fedRug RER TR "oHe BBt g det er mi ned by t he
| ast solution of the equation systemis considered as sub-optimal solution
of the Iigear optim zation problem z5 Path-oriented approach As nention
bef ore it s, possi bl gt the problem as a path-oriented apppoach.
Th OOm&*t ha j“'s e gru | tgcl) ’qﬁlfegw&o%vﬁ%\r?i ented approach with the foll ow ng&r)
changes:” ¥ari abl’é” 30 The Bool ean variable pk" is introduced. This variable
is set to 1 if the data flow uv fromthe sending node a to a receiving node
v is routed over the data path k, otherwise the variable is set to 0. k is
a index which is equal to u,b,...,v where u,b,...,v are notes which are

bui |l di ng t he r = o] I Lons (Simjar to

the 110w or | B s s aR Ry Sraary 135 ok o s carng HBeE L ofa sof Bth 0

appr oac outercl axdest thevserxtin and/eecgiging siobex thand vavihieclunitey ef databieknieading zed:
25 into router i and the number of data links leading out of the router i used by data flows

uv are equal:

N N
Zx,fj." - Zx;’.,.” =0, for all flows uv and all nodes/routers i ¢ {u,v} (4)
J=ley>0 j=ley>0




sa *t+1 11 ~I ~~fwPi'"~~wthc;~>0 uv k. ijek Transport
constraints: The transport constraints ensure that one | oop-free data path
formthe sending 10 note a to a receiving node v ex{$&sptenber 2004 for all k
possi ble paths froma to v k Capacity,  constraints: is 'I%e sum over the
flows on each link nmust be smaller thef the capacity of the link pk" f,""
<_a-c;j , for all data links ij with cij>0 uv k, yk and also smaller than
the maxismum ihakatstidw @atrb@Ahé s&fiing ndde<u to thEQ’ECEI\f[IQ# nédd |s¢@t§t@d blgks i with
c >0 pk uv 100 J i uv k,ijek Routing constraints define a path from
a to v #Xectiylonedietd ink leadheg itg Be rRea\dng/ negdfdvibot h pat hs are routing over i, |
both paths are identical for the path i to v, thus 25 pu' -pi' <1. This @
routing constraints can be witten as a recursive iteration over the index :
par anmet erfk. E. a path froma to v is routed over a, b and c. Thus, k is
defined ab, % 13 SEptenbtdr B3OWS 91 k=u, a, b, c,v thus the flow froma {3 v

must usée'tHe pati®a,b,c,v and al so the flowfromb to v nust use the path
b,c,v and so on. This recursive iteration is also true in the opposite
direction of the index paraneter k, e.g. k=u,a,b,c,v then also the flow
froma to c mhs effoctef tietrpadpbricoasthaints aefinssaexactly dneSpesirke data gath of t he

link costs |In order t speC|f the data |link costs for. the routing
det er i WO 1 R 3408% 1 o tis B notis s DorelH Bidd AEag8Fim the dat a

li nk coghgattave), tdﬁlyb&tgﬂhﬁﬁﬂ&%cﬁr@ﬂﬁetﬁﬁé utdh@ tﬁ@Ha@ie k Qbitricl hedita t he

optim zed data path, resEectlveI , corresponds with the to shortest path
rout i ng floByuw ﬁ)@e\ﬁasa sk i leadipp énto eresofctan n@ée%{mwt%s/édb asd £oln lngswith

10 equation (4), one data link is leading out of each of the nodes/routers a, b and ¢ for the

data flow uv. Conditioned by equation (5), the data path for the data flow uv is directed
over the data link cv between node/router ¢ and the receiving node v and terminates in
the receiving node v.
Nevertheless, it is still possible that a locped data path exists beside the chosen
15 data path for the data flow uv since such loops are not avoided by the transport
constraints (see Fig. 12). However, such loops are avoided by the minimization of the

average link utilization in the objective function (1).

~ Capacity constraints

20 The capacity constraints ensure that the amount of data or the data traffic over
data links do not exceed the capacity of the respective data links. The capacity
constraints comprise two sub-constraints for each data link ij between nodes i and j.

The first sub-constraints force the link utilization to be below a fixed level defined

by a parameter a.:

25
Zx 'f Sa,c, , for all data links i with c;>0 (6)
|
As set out above, data links within a data network are able to handle for a short
time interval data traffic being larger than the physical transmission capacity of the
30 respective data link. Therefore, the parameter a. is not restricted to values between 0 and

1. To set the parameter larger than 1 is also useful to identify links which are the first



1. Additional Constraints: To obtain the link costs as part of the solution
of the first linear program the follow ng additional constraints have to
be subjoined to the Iinear program 15 uv Lk =~lii {3 §kptHnenadeid4 onal
variable |;j specifies the interface f(?{ i nk cost val ue of the Iink between
i to j, whereas Lk" defines t he overar? cost of the k™" path froma to v.

20 uv uv ) uv Lk -Ls - p, -I) Lmax This inequality guaranties that, if path
s is Ch%&!&n@&sw@as\%hﬁ'télﬁiﬁ]a’stl&ﬁtﬁ@r tﬁé‘ﬁeﬁh@ﬁ%c&r&ﬂﬁ té bree BUBtiopStheoveral | cost
value froma to v S is chosen as ortest path z5 then p~"" =1

and thu@altatmterrﬁecﬁjwtﬁw aslg'dafault yalge.has to be ful fill ed Cl herwi se the
difference b

22 13 Sopt ahberab oA T AES OB BBk Ao T Ped S bt ruShol RS e
bet ween tHe drkcltBizatine eTHengaxiablie rassedl @t e robfeetive fnecmrx(lmnief mssatn w@derie for a

link or an terface For max is et t.o m val
spei 11 Baunhfor fee RaGETaRCOTAIGRBL o eTg Patgrettiprs p e VHldedBasiotiah ¢ ne
l'ink or id @R haGez&n She LBt sumoaﬁvaent@%@ybmm;@@mtzbmsltb Ha%e @lvaRepOssi bl e
to choose a smaller s value, for exanple on the basis of the followi ng rule
of t hunipeing newerthamteolug Qféhmanamﬁ&ntng n routers. It is not necessary to
nodi fy the objective function. But, to mnimze the cost io values the

addi ti onal term ag~l ; ~ can be added to the obj ective function. ag defines

the iJ anc of this term e objective function and may be choosen
(rruclh) | U| ar < E—%‘ﬁ’ for Al data IlnksI |an¥tp c,]>0J 've functl y f >

10

Routing constraints

The routing constraints are the most important constraints since the routing
constraints define only such combinations of data links or data paths, respectively,
sufficiently to calculate the costs for data communication/routings obtained by a solution

15 of the equation system for the linear optimization problem. Using the above-mentioned
| routing protocols, data are always communicated/routed over the shortest data path
which is defined by a certain routing protocol metric for each data link. As a consequence,
all data flows from node/router i to node/router j have to be communicated/routed over
the same data link(s) between nodes/routers i and .
20 These constraints are achieved by a recursive system of sub-constraints:

X+ xi — x <1, for all data flows uv, nodes/routers i & {u, v},

sl

and data links st (8)

v

25 x4 x - x

Fig st

<1, for all data flows uv, nodes/routers j ¢ {u,v},

and data links st (9)

Conceiving an iterated or recursive application of equations (8) and (9), the
routing between nodes/routers i and j is identical for all data flows through these
30 nodes/routers. Therefore, the found solutions based on the routing constraints are

corresponding with the implementation of the routing protocols.




2. Equation systemfor a linear optimzation problem is A further
possibility is the specification of the link costs by an equation system
for a linear optimzation problem In this case, thg gbpRpibdE2dogCtion is
rat her uninportant since the desired.galution for the data link costs is
obt ai ned by conputing an inequality system A linear optimzation problem
is represented by an inequality systemin conbination with an objective
function. ThéigeBdiustratehdheleffent of teroglnmeonstiainisnfesumirethed e floahulbe
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i nclude all such constraints aths wou ea ery conpl ex
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15 Physical delay constraints

On the basis of the objective function (1) in combination with the transport
constraints, the capacity constraints and the routing constraints, a data routing can be
achieved having the shortest path routing with an homogeneously, uniformly distributed
data traffic. In order to obtain the goal to keep the physical delays for data

20 - communication in a network in a certain range, the physicat delay constraints being
described below have to be applied.

The range of possible physical delays is defined over a parameter a,, while the

lowest physical delay for a data flow is represented by a variable 4" . If P is a set of all

loop-free data paths from node u to node v and if d, is the sum of alt physical delays of

25 the data links of a path p, the minimum physical delay ™™ is the delay of the path p

from node u to node v with the smallest physical delay dp:

dm" = =min ., (d,) ) (10)

e

30 The value of the minimum physical delay is obtained by computing all physical

delays of all possible loop-free data paths from node u to node v. Introducing a

N




additionally the first router of p p, . Three types of paths exi st between
a router n, which is adjacent to u, and v: z0 - Optim ze path poP, w thout
a node in comon with poP" in the exanple (Fig. 13)14 §epfphbér Bocy |1 ne
between i and v. - Optimze path poP,_ gv_ith a node in common with poi", in
the exanple (Fig. 13) the solid gray I1 ne between j and v. - A non-optinal
path fromn to v, in the exanple the dashed gray line. zs Follow ng the
above algearhétBh@ af UPBEL ird¥holdSz HECaShdeYdcfRbY rdpdésehfify Bt Ratimgudi ng poP,
The constraints concerning the other paths are already fulfilled by the
const r ai physicalfdelay ier edch @k fldwr t he case of the path p9, indicated by the
dashed gray line between i and v, the 30 constraint 13 Sept enber 2004 -24
~Xsris, < ~m~v ~~. a.,(v~)=~ already exists when flow formi to v is
consi der egh._.This camstyfai r wwth 5 equation 12 inplies that,the
cost of fgzgﬁ"fp‘}]dt%auag’i nfgfc’gb%@%ﬁg’?‘ég& than the cost of pop, Consideri r%ht he
path bet\éen j and v, the part between k and v is conmon with pop,
According to the routing principles we know that the shortest path froma
to k is routed along the black line. For this flowfroma to k the
const r ajRadugidnafdhe pamp! & ealFLis attle lineaeoptiipzatipaprebleme short er
than t he pat | . | | | S _constraint
i npl i es that 'FBPF\;@sldslutg)ﬁg%rf:tigethpﬁgtﬁr@? H@&%n?%ﬁ%@éeﬁur}wbaﬁog \Fﬂéebr%éga]qozbr?g t he gray
| i ne. | fcohfigeradlisiinitbe mafnisudehofai?M2nedaiein N yemgsdngsittehanber ot for all data
pat hs except, t he desired/ optinum data path e sumof the data |ink costs
bt e 0B/ paiHE 2a M PRI NURES et e DF RRNEB Sy Shofouthg
deshr ed/@Ritdims) @hatrandat B cdrd@aifless redhe GRddnituae ben et aspadidllyifsr large

corresponding with the shortest data path.” Exanpl es
networks including many nodes/routers and data links, the solution of the equation

system for the linear optimization problem according to the invention can be very time
consuming, complex, or even impossible. Therefore, a so-called pre-solver is used which
reduces the number of variables and constraints by considering only relevant data paths
15 for the solution of the equation system.
Relevant data paths are identified on the basis of the respective physical delay.
For each data flow between two nodes/routers, all data paths being loop-free paths are
determined. For each of these loop-free data paths, the physical delay is calculated, i.e.
- the sum of the physical delay of the data links forming the respective data path. Data
20 paths having the smallest physical delay and having a delay lower than the upper physical

delay threshold a d™" are identified as relevant data paths. Further, all data links of the

relevant data paths are checked to be included in all relevant data paths or in none of the
relevant data paths. Data links included in all relevant data paths will be used for routing
the respective data flow over such data links. Data links included in none of the relevant

25 data paths are not considered by the solution of the equation system of the linear
optimization problem such that the respective data flow is not routed via such data links.
Data links included only by some of the relevant data paths are considered for the
solution of the equation system and the utifization of such data links is determined by the
solution of the equation system.

30

Sub-optimal routing




To denonstrate the effect of the nmethod according to the invention, the
results of an optim zed routing for exanple networks is described in the

foll owing. The used 20 networks are shown in Fig. 443 $bgipshbayidosn the |
right of Fig. 4 with only 6 nodes/rous¢ers was chosen because its size ;
allows to illustrate the resulting pa% s. The networks having 8 and 14 |
nodes/routers were sel ected because of their conplex structure which nakes
many di ffer erh sdakaapn] fs cpasplelfbreverAsormplaxpbivorkshét righkbe aghaaidgyousat ri x C
and- t he data fl?w rix F for the network havi ng 6 no%es/routers i's shown

t
in tabl &9t {0 Ggleylate gg@‘éi@s‘*ﬁﬁ@df?@ﬁ&@o%ﬂ'%%@ﬁ% B'§dH1ed a7 88 88?8 00900
13 Sept ejghgibed Whw R3uldRP AP ORHN QLRI ALLE Alsol fRRARIIEYIs MR thg C for

the network having 6 nodes/routers _
01234500H6Mam1 A8 seble4Ba 84 Es 4% Y@BESED theedavadawhbed procedunty that ri x F

for_the . . . S : ' . . f i fferent
it |1 e BhdnR B0 G ERHE RO el Br s bl

opt i m zdink atilizatisn rachirecdbpur itdesios sdietbrpofes Walav eptimkaforerabipinehavinge nunber
of vari ables for C(i{_‘he net wor k. havi ng 14 nodes/youters was reduced froma to
val ue of@ @%@r@ngée cgd phisciHte Tupgtpn "‘Y%Hrdéfg‘?f%’?‘t: FeANEEHERRFERY EANSEBIRSt rai nts coul d

be reduced tqh'e%ﬁlgbnéﬁ 488 drahd ot&j@?’(\’ve%ﬁcﬂ&ﬁiﬂ‘ﬁoﬁhe PRl TR drQRs Wi th

several paraneter settings were perforned. rst the optim zati on was

per f or MefadvhiifQink uBza8bh RCorhivied URPE BorlsBH@SRE)| the fsOB-chkueraimX faryma | | nk _
utilization. This was achieved by omtting the constraints keegl ng the is

max? mumEPFILY eonstrards revessaiashpv dtvatien (o fercingribe yHiizatien ef differeasdaféscri bed
i'n secti : | oml |y I QR | er a~to a
H 2RI &%k%ﬂa?ﬁk‘% Pt &dEdAdat .
val ue of[ﬂl%b?éq&ﬁet%)g@tﬁ?ﬂ%é‘ﬁ%t i ng P(')Zr tl hesnet V\%ﬁeﬁ a%sﬁﬁgorga(?l@ es/routers
i s illusitthexttedd, the Bither sBb-coihstrathds forlthekapacity constraints represented by equation
(6) is defined more strictly. Instead of using the default value of 1 for the parameter a,
the parameter a. is iteratively minimized.

15 Starting from a value of 1 for the parameter a, the equation system including the

reduced objective function is solved. The link utilizations of single data links are
determined on the basis on the found solution of the reduced equation system. In the
next step the parameter a. is set to a value slightly smaller than the smallest determined
link utilization. This procedure is repeated until the solution of the reduced equation

20 system is converging. In case the equation system is not converging within a
predetermined time interval or no solution of the equation system is existing, the routing
determined by the last solution of the equation system is considered as sub-optimal

solution of the linear optimization problem.

25 Path-oriented approach
As mention before it is possible to formulate the problem as a path-oriented

approach. The method is equal to the flow oriented approach with the following changes:

Variable:
30 The Boolean variable p;” is introduced. This variable is set to 1 if the data flow uv
from the sending node u to a receiving node v is routed over the data path k, otherwise

the variable is set to 0. k is a index which is equal to u,b,...,v where u,b,...,v are notes

which are building the path.



havi ng the highest utilization of 42,9%is the data |link 4-3. The value for
the mnim zed average link utilization was calculated to 22,4% zo Then,
the paraneter a~ was set to a value of 0,4 (= 40% {@ggﬁteﬁlﬂb&tﬁdm smal | er
than the cal cul ated maxi num link uti Ii ation of 42,9% Ilteratively reducing
t he paraneter a~, nanely to val ues of%0,375 (= 37,5% and 0,36 (= 36%, the
opti mum routing was found for the paraneter a~ having the value of 0, 36

whi ch corresponds with the result of the default optim zation. -26 13
Sept enber 2004 In the default optim zation, using the objective function
(1), th&bretiverdingdionit was set to a value of 1000. The result of this

optim zation : i d S Sl t in Fig.
o ngai n ¢ napctd el M BEnAPepoagh MESEREARAAER 7 che R GRREE " 1
util i zatapproademcldder wasaititive parte dlothreofokhidbhai toAR mintoipgensati on, the s
average link utilization was increased to a value of 22,7% As shown in
figs. 5 and 6, the data flow 5-0 was taken away fromdata |ink 4-3 and
routed over nodes/jquters 2 and 1. Therefore, the data path for the data
flow 2-0 was @fse +outed oper, mpdetittoap® 1. Further, data flow 2-4 was
routed over node/ r‘ ut €w 5 tismst ead over node/router 3, in order to reduce
the link utilization of data link 3-4 froma 1o value of 40%to a val ue of
35, 7% On the basis of the above described determ nation of data |ink
costs, trighsgat @oddtalpteosts as snal | as possi bl e were specified such that
the shortest _path routing is equivalent to the routing defined by the above
opti ni zat i onThetigasport conatraints| ansyiertheteonenaor-Ere dptatRadh fuatheisardiedst s
whetein i ihk costs and the respective physical del ays
isﬁgre g&%ﬁuﬂ&ﬁﬁf&%fglné&g&@é@eﬁeég@ As shown in Fig. 7, the overall data link
costs for data flow 5-0 is 3. OQther possible data paths for data flow 5-0

i ncl ude es/routers 2 and or nodes/routers 2 and 3. The overall

physi caliggl ﬁ)}'?%raﬁtkl‘@@g]ﬁaﬁaﬁ? fg% “goa‘(nd 4, respectively. The shortest path
is the shne as the desired path having a mninized average |ink
utilization. zo In Fig. 8, based on an optim zation with respect to a
mnimzed maximum | ink utilization, the physical delay for the data path of
data fl| &@PFY CPRSUBINE| so. The physical del ays of the other possible data
pais over nqges(hoNteid Wt ScRTinPMRE: ROGRSI MHPhe c%p&fikg o?_uﬁ{]lﬁnk‘l and 6,
respectively. Again, the shortest data path is corresponding with the
desired/optinum data path. zs The optim zations of data routings for the

net wor ks havigag a 4 nodes/routers was perforned simlarly. First, the
average |ink Xtﬁf’zgﬁi%ﬁrcﬂa Ornq”né)ax‘i’ g@ﬁ ’W&rﬁglﬂﬁé restriction for the maxi num
link utilizat&{® Then, the maxinumlink utilization was decreased
iteratively. At the end, the optim zation was perforned to obtain the

m ni mal possible maxi mum link utilization. However, the network having 14
nodes/ r 80d alse spabardbarsthetrpaximunding| wikizationdbt ai n an optimal sol ution. The
maxi mum link utilization was reduced to 38,8% while the m ninmal value for
theo maxiyuipn bk attlizgtfoosl datatioks ke >6owever, the ninimal |ink
utilizatFofzhas tol¥e greater than a val u(}: of 32% since for this value the
equation systemfor the linear optim zation problem proved to be

i nf easi bl e. 13 Septenber 2004 27 In Figs. 9 and 10, the results for the
routi ngpgRkid -%Q&éiﬁ@? with selected upper thresholds for the maxi mumlink
utilization or the networks having 8 and 14 nodes/routers are shown. The
maxi mum | i nkIfut'l Idefiee & paticioerhd: toer atecp*atefide awhatt ®@rkie vaanertagle phihak

utilization al nost .renains unchange represented by the bars
Udent | rgieiguEnd R i PR patedn s SEnelror AR PRI B8 FokiBine of 'the nost and the
| est utilized data |inks, the data traffic distribution becones nore
honogeneous with a stricter upper threshold of the maxi num|ink
utilizationg.” 4In particular, the difference could be reduced to al nost a
quarter of the network having 8 nodes/routers (see Fig. 9). For the network
havi ng 14 nodes/routers, the optim zation effect is less clear since in

this networ khk BERing &n&¥difts 'cBY be written as a recursive iteration over the index

parameter k. E.g. a path from u to v is routed over a, b and ¢. Thus, k is defined as




~0 with an utilization of only about 1% i ndependent of the sel ected upper
threshold for the maxinmumlink utilization (see Fig. 10). Since the
optimzation results in a reduction of the highest ynEugtdbert IFoqraxi mum |
link utilization, link utilization of,specific |inks have to be increased

as a conpensation. As illustrated in 12— g. 11, the link utilization of
selected data links is shown for different upper is thresholds for the

maxi mumi=iunkb i thiig eisi fiony frifaes ol nkust iiseiti@ patbra, 9/t, vamidaaldol ks FloivTrdm al | y
highly utilized is decreased ior a reduction of the ugper threshold for the
maxi mumP VAR LSE EEaRItB R:C RIS Spih| Thisrerysive aTRYIPR i &1FC HEE & eflegosites, 4-9
and 4- 2. 4R i i | i f = -8 and
3L 1 s e M e o s BB TRa e B T B B B i
(e.g. SNePtherpatbura bagnBisblonng Sof t ware) and collect the data on a central
sysifem (I NTERNET-server) s Build fromthe collected data the capacity,
flow, delay matrix 10 Use the nethod to calculate the optinmal routing

par amet épecifidagiofontHeditikeottee router with the opti nal paranmeter over the
router confiqure software. zo For snaller networks it!s possible to collect
the needed i AP §F9RALP érhef-tfbt%gqta(ﬂ%@%fw&@e@um ﬁle‘ieﬁﬁlnﬁeﬁ’ﬁ/ith%;e‘ﬂﬁaé‘%col

(€.9. chofe® dritfe Ftukdd8qREBA AFREMOthelti®a MiCotsfsthaRE 85 BE QlelerRMedGakF Yl at e

the optimal routing paranmeters in every router. In this case no central
unit i s thaidbefound routing and the optimized data path, respectively, corresponds with the

10 shortest path routing. By the way of example, this can be achieved as follows:

1. Additional Constraints:
To obtain the link costs as part of the solution of the first linear program, the

following additional constraints have to be subjoined to the linear program:

15 :
Ly=>1I,
ifek
The additional variable I specifies the interface or link cost value of the link
" between i to j, whereas L defines the overall cost of the k™ path from u to v.
20

- (p -1,

This inequality guaranties that, if path s is chosen as the shortest path, the path s

has the smallest overall cost value from u to v. If path s is chosen as the shortest path

25 then p,” =1 and thus the inequality Ly — L >0 has to be fulfilled. Otherwise the

difference between L;” — " must be greater than —imax-

<l <i_,



13 Septenber 2004 -29 CLAIMS 1. Method for controlling data traffic in a
network having a plurality of nodes (u, v, a, b, ¢, d) connected via data
links and utilizing an existing routing protocol, t{esaBidnose26RNPri sing:

- selecting data paths, - determ ningi.ink costs for each of the selected
data paths, - defining an equation system For a |linear optimzation problem
for identifying an optinumdata path, o - defining one of the selected

dat a pat hs hdve sestivasersl thek oriimerfaesshouldsedprtvaeiml @ad @ vahteHnay- isakut i on

%o the LD RS BRA oo AT R ot Bty L

t . t t t . t [ = t t

from ¢ n'S Ry rtste el 8 FeoRelhor b GBR 0T b S BSRRTR B h

links anpg, Bpﬂ‘?e?'{a(:é'toéf’va@lfe o sve cg?cu[afi?ﬁﬁ{n'erf# i?%lcfﬁ%ts%iﬂg tS‘BHéés%%'é?H’ia?r?\f or the
at a ata ed

| i near optrm zation probl'em ensuring 0 be comuni ca

betaveen vaiwe, foodesn@Ee en tirbasi afdhe bllowangtrole cfahemblat a path, and zo -

communi cating all data according to the existing routing protocol of the
network and via the same data path between two nodes. 2. Met hod according
to claiml,_mherei Rulbe eehgdtbaRrof data paths conprises: - determ ning
dat a conffiini cation capacitiés of the data paths and sel ecting data paths 2s
havi ng data comruni cati on capacities sufficient to communi cate the data
fromthe sending node (u) to the receiving node (v). 3. Method according to
claim1 or 2ltigiet eeaessanetosmpdibt therpbisctiveatuacinn: Byt de mypimizasthe coglet er mi ni ng

physi cal _del ays. af.. t dat a t hs ,and lLectin at t hs_havi n hysi cal
b oo ayaliEe i edlicbadei B e B EBP e Q8o ARk R o hon R Sy 4.
Met hod according to one of the preceding clainms, wherein the definition of
t he equahpsrtansy of B8 @OADH tigeshiectivd Burbapt end eray 280Hoes3d (mudBf smilrg an

obj ective function including a termreépresentative of the (ink costs. 5.

Met hod &¥ot-di ng to one of the preceding clains, wherein the definition of

t he equation system conprises: 5 - defining an objective function including .

a termrepresentative of maximumlink
Equation system for a linear optimization problem:

i5 A further possibility is the specification of the link costs by an equation system for a linear
optimization problem. In this case, the objective function is rather unimportant since the
desired solution for the data link costs is obtained by computing an inequality system. A
linear optimization problem is represented by an inequality system in combination with an
objective function. Therefore, the determination of the interface costs can be calculated

20 using an equation system for a linear optimization problem. As a result, a standard solver
for linear optimization problems can be used for the determination of the data link costs.

The variable m;; represents the cost of interface ij. The shortest path fromutovis

the path with the least cost. The path cost is the sum of the cost values of the single
interfaces. For the flow from u to v the cost m™ is given by

25

m*” = Zm,jx;v
i
where x;" describe the paths of the previous routing optimization. m* has to be

the minimum cost of all possible paths from u to v. Therefore, for each loop free path p

other than the optimized path p.’, a constraint has to be specified that forces the cost of

apt ¥

v

30 Py t0 be the smaller one: .

|

|




utilizations, or average link utilizations, or values indicative of

conbi nations of the maxinmumIlink utilizations and/or the average |ink
utilizations and/or the link costs. 6. Method accorf §apichnisdye26y4 t he
preceding clainms, wherein the definithen of the 1o equa?ion system
conprises: - defining costs constraints for the link costs of each of the
sel ected data paths. 7. Method according to one of the preceding clains,
wherein the definition of the equation systemconprises: is - defining
transpor{,constr ts for flow conservation and/or together with the

aver age L Bl | tion part of the objective function for determ nation
of the | dop-freédata paths. 8. Method according to one of the preceding
clainms, wherein the definition of the equation system conprises: zo -
defining capacity constraints for determ nation of the data paths having
suf fi ci ent  datesingodaainswatdonstrame e dlii @shs Wo@d ldddttb ad/eag eamslengrobendne  of
the preceding clainms, wherein the definition of the equation system

conpri sd8F lapder nelrkeniHoyreyery Spkal of&éﬁwoeéﬁﬁ@ﬂﬁsar%f@wrsﬁ tQebtein sdPln of
the dat &oRAb SFd?aaVﬂdﬂ\gfrBrtﬁyﬂoC@{hedrﬁér?dé%or{/%nsrtr%%l%@ﬁrté M@nt#@%glth%bmtuﬁ@gfgng equal

or smaller t a predeterm ned maxi mum physical del ay
accor di r‘ﬁgi;gartbhmne of the preceding clains, wherein the solving of the 30
equati on system conprises: - mnimzing t he obj ective function regarding

the constraints for determning all possible data paths and defining the
dat a patdonbidet s@htrierihbbiniowedr ilof nk costs as the optinum data Path. 13
Sept enber 2004 -31 11. Method according to one of the preceding clains,
whéfei n - théf phnbhdat), dase 6p comaoavedagacant wkadd thei coastraint: and/ or t he
maxi mum | ink utilization and/or the link costs are represented by a
function inclhoithg, he, aerdee | ink utilization 5 and/or the maxi mum |ink
utilization and/or the limk costs weighted with respect to each other. 12.
Met hod accorqggg to one of the preceding clains, wherein - data paths of

t he sel ected a paths having link costs in a predefined range are io

i dentified asldemddenccansiraiet.ed for the selection of the opti num data path.
13. Method according to one of the preceding clainms, wherein - the |ast
solution of the equation systembeing determined within a predefined tine

interval i demthefdi@sithires @Qﬂdllﬁ@ﬂﬂléﬂ'@}@]e@éﬂﬂp!e]@ Fig. 1Bf EVdig petrr@nRty tgquat i on
system cannot be sol ved, mninmumis determned for the

obj ect i VENY BYRE @ Reighber rQutertqféJ érbff@cfﬁamer fhedhiegMelghbbarsib &8 miersb.
additionally the first router of p, . Three types of paths exist between a router n, which

is adjacent to u, and v:

ny
opf

(240
opf ¥

20 - Optimize path p.” without a node in common with p

in the example (Fig. 13) the solid gray line between i and v.

- Optimize path p_, with a node in common with p_’

in the example (Fig. 13) the solid gray line between j and v.
- A non-optimal path from n to v, in the example the dashed gray line.
25

Following the above algorithm a constraint is necessary only for the path including

pay - The constraints concerning the other paths are already fulfilled by the constraints of

other flows.
In the case of the path p,, indicated by the dashed gray line between i and v, the

N

30 constraint



14. Method according to one of the preceding clains, wherein 20 - the
nunber of variables of the equation systemis reduced and/or data |inks are
determ ned to be considered for the solution of thejxguptdnbesysdem by --
determining the tine for data conmunication for all |oop-free data paths
from the sending node to the receiving4node, and -- identifying the data
paths as to be considered for the solution of the equation system 25 for
whi ch a m ni num data comuni cation tinme and/or a data comruni cation tine
being smaller than a predefined maxi nrum data comunication tinme are

det er m nedxdb.< Me Sﬂ of claim 14, wherein - data |links being included by
all possiple dat,azs“,p@tl s are considered for the solution of the so equation
system and/or - data |links not being included by any of the possible data
pat hs are not considered for the solution of the equation system 13

S b 2004 - din . f th di | ai ,
whprerner 2 hcatieag exths IO BRE ISl drGedRG  fhis LRI e vl unt &

i i Hibr : 1 i v 1 k,
o or S@4daltn b RSIesAhattile oo ihd Guth LR BE BNaldBPURANRS il of 0 1ot YD K.
wi dths of dat @orisieAnd tHESRR BhbWwRnBRYEVCBle o @éfﬁreerman%ti??c%ﬁ@ﬁ wit

controlling data traffic in a network having a plurality o odes (u, v, a,
b, c, d) pforkmectded teithe dattiaglprinkisleame knbivl that the shortestipath fagm luRorkoigt | ng
protocol, the nethod conprising: 10 - selecting data paths, - determning

t he | i nkrocitesttaongsthpditdcaiined-aothis lewlam s tok the tonseaint exists thatathée pathpr obl em

- defi ni%]g one of the selected data paths having the mnimal |ink costs as
opt i mum YRBNER K IBRP.. RESTHRRISEATeIgam iepath gverimaddbemiplaRg Hisderayu) to
the receiving node (v) via the i5 optimumdata path, characterized by -
det!8r mi nlingg Buipthisgionsterintigpies et inghn ioshodar thapabe eathaiver § arptienedondat a pat hs
fromthe sending node (u) to the receiving node (v) via respective data
links andes6®e¥e u, v, a; b, c, d) are determined, zo - determning the

ink costs bitr aRrEAIoRGr lcH APAERAILY31R SBWsahat 38 ah LBEHauRPLIzat | on

problem - defining routing constraint's I'inear optimz pro
ensur i ngthelslgsiregi optiatra dete path Sensuwmptiheedtbikvweets of Wee dad estharielarger

Co the aarariag B RelfRREhorBRsrraf SO Sered B PR Care ot

patih bet dutepathvio covesbpsnding with the shortest data path.

Examples
' To demonstrate the effect of the method according to the invention, the results of

an optimized routing for example networks is described in the following. The used

20 networks are shown in Fig. 4. The network on the right of Fig. 4 with only 6 nodes/rou-
ters was chosen because its size allows to illustrate the resulting paths. The networks
having 8 and 14 nodes/routers were selected because of their complex structure which
makes many different data paths possible. As example, the link capacity matrix C and the

data flow matrix F for the network having 6 nodes/routers is shown in tables 1 and 2.

25
0 1 2 3 4 5
0 0 120 0 [100 0 0
1 110 0 80 0 0 0
2 0 90 0 100 0 70
3 130 0 80 0 90 0




18. Method according to claim17, wherein - a data path of the sel ected
| ink costs being | arger corrpared to suns of

costs for remaining data paths is selected as the opjg
Met hod according to claim 17 or
constraints are defined for all

data paths having a sum of
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The physical delays of the different data links were set to 1, while the parameter

ar was set to 3 in every optimization. Using the above described pre-solver, for example,

the number of variables for the network having 14 nodes/routers was reduced from a

value of 8800 to a value of 4714. Moreover, the number of constraints could be reduced
to less than the half.

For all networks, optimizations with several parameter settings were performed.

First the optimization was performed without an effective upper threshold for the

maximum link utilization. This was achieved by omitting the constraints keeping the

maximum link utilization below the value of the parameter t (as described in section "Sub-

optimal optimization") and by setting the parameter a. to a value of 10. The resulting

routing for the network having 6 nodes/routers is illustrated in Fig. 5. The data link

having the highest utilization of 42,9% is the data link 4-3. The value for the minimized

average link utilization was calculated to 22,4%.

Then, the parameter a. was set to a value of 0,4 (= 40%) being slightly smaller

than the calculated maximum link utilization of 42,9%. Iteratively reducing the parameter

a., namely to va[ues‘ of 0,375 (= 37,5%) and 0,36 (= 36%), the optimum routing was

found for the parameter a. having the value of 0,36 which corresponds with the result of

the default optimization.

nes,

nmed

mm




13 Septenber 2004 -34 - a network having nodes connected by data |inks, at
| east one of the nodes being a sending node (u) and at |east one of the
nodes being a receiving node (v), and - control nexqwsagidmb&orRrted to
the network for controlling data comjwli cation in the network,
characterized in that - the control neans are adapted to carry out a nethod
according to one of the preceding clains. 13 Sept enber 2004 -35 ABSTRACT
Routing is oletrefddfinet deyniramoessingithestbjetiks filnotiore Ontei padmetar af watat a.

Conventionally, 5 z n of. th n or particul ar network
s aohi 8908 B BOPn I G PSR ShmERG Tonbe etk §aBRbBocel - 1 - or der
to opti ﬁbé&{r‘oﬂ&ré Ruflstrateafin ¢af. 3. R@ésﬁﬂh@%d@t Lieel duer dHkngtRXda84 limgqBout i ng
protocol s present invention provides a nmethod and a system for

opti m 2|hﬁ‘ge‘t€ﬁe|t€r dilizatiay uas drareased e valuawliAbdd- 4§ d WPeRsatinsr ke | n
| trol f ting dat
PorL | Cusflaod i LAVARH AR AL Admraafl, contiol Tor fouting data
t he net wor k. A?Ehowd\uﬂ ngsAB'ahdAl thxddBa Apw .SAXvad\tdkeA&iklay AlomAdadp lIAKH-3A;
! | ?Ukbl éﬁ{i /ﬂcru'% gg?alppg‘gk‘ ér;\lzé Q,JA @Eﬁl}e@é{e thelc}%taA;%gt% forgg—\e dAla ﬁ%%% AUl AL A
171 Mig| ME%%M@@I)Q@J rﬁ‘{ﬁib?@hﬁéﬂ]lcﬁi&ﬁé@ ] gt ﬁ@\]vczaw@g}mk@amaio@@/lrmbﬁal ca] ca]

ca] ca] caU] calcalc cal] cal] ca] cal]

5l L1 inslepgoaRer mcle(roy o 3 O @eler pyrpdige the upkﬂawa%p%@qt@étm%aﬁcfaqraa] ca] ca] ca

B PO SRR SO & G L oo, o Ul oaUl ca] ca) oav] ca]

ca] ca] ca] caUpoahe dhsiapCdpchb)e d¢cebahdaaintajtoaldf datxijkoabsathealatalida) cal cal
! Z cRdd ffhhi.gji o

o bRl & P bl E P e 3ch Matdhe shartest athuaying 'S SPUUTEN cag ca) c

a] ca] cale eld realinpderad talteaboald spahtatibe afigal7caidel @rardagntanutakay xyyypyy! z

N B} F ﬁ% ~g' ~Wr '
V] ch ) BT CaHE et Fecmpessy e ) Ghy o3 a0 Fd el VPRI Bk eiFeal call ca .
] C?S] Ca] %?e drihlice My wosih ad ¥lved Gedi Mﬁ@])\?é‘éﬂ &&a link costs for data flow
U c caV| ca] caV] cal] ca] caV] ca; ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] cMal] ca] ca
] cay] ca]Sc(hpéap(tt@er possible data paths for data flow 5-0 include nodes/routers 2 and 1 or

>@d[ | C caV]ca] ca] ca]ca
] S‘Ea] E:a%ﬁ? Z@F }{8] % % ga?@\g%cgg%&c% @g}ca%@ghggg%%]y# lqn Joalcal

N| wr nhc’héé;pect[vVW] afme:aﬂanse]staa}tbas] te| aajecshe dbsieel] qaatic hdvdegd aai:ma-]:zed\/] ca]ca]calc
aV] ca] ca ca&{%ﬁl atk %a] cal] ca] ca] caV] ca] ca

NVS. <_s&§§¥ ;Y ca] ca] ca] ca] ca] ca] ca] ca] c”a] ca] ca] caV] ca] ca] caV]ca] ¢
a] gaU ca] ca] wlafah Cizdsedbh éahc‘@hﬁrﬁ\ﬂaﬁada Qﬂh@eﬁe@@ﬂo@%ﬁe#d&x%um link

, {{upj e g\/ id ZU[] ca] calica cal] ca] caV] ca] caV] ca] caV] ca] ca] ca] ca] caU] calcaV]c

a] ca] ca]EtgeEom]tba phesichdpienfe ahe datpeaiiv eof] daig faw 5- qu 3, also. The physical
;\F;Jsg Lgf@éﬁgﬁ@é g@fec M%@HLM R LA AbGa) RIS ah GRL S G kel iddspblierl cal ca
W] ca] cadnds] ara]4car{1d] & apemfely dahicaireshobstrdatropath ZTedredspprdifidsvith Md ca) ca] ¢
aV] ca] C%V;lre%}op?' gt%]p%%]\/] ca] ca] ca] calca WV] caV]ca
25 The optimizations of data routings for the networks having 8 and 14 nodes/routers
was performed similarly. First, the average link utilization was minimized without
restriction for the maximum link utilization. Then, the maximum link utilization was
decreased iteratively. At the end, the optimization was performed to obtain the minimal
possible maximum link utilization. However, the network having 14 nodes/routers proves
30 to be complex to obtain an optimal solution. The maximum link utilization was reduced to
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the minimal link utilization has to be greater than a value of 32%, since for this value the

equation system for the linear optimization problem proved to be infeasible.
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Use the method to calculate the optimal routing parameter.

\

i5
Configure the router with the optimal parameter over the router configure
software.

20
For smaller networks it's possible to collect the needed information to build the matrixes
with the routing protocol (e.g. change the routing protocol or use a extra protocol) and
caiculate the optimal routing parameters in every router. In this case no central unit is

needed.
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path by solution of the equation system, and
- communicating data from the sending node (u) to the receiving node (v) via the
optimum data path,
characterized by i
15 - determining, prior o the selection of data paths, all loop-free data paths from the
sending node (u) to the recelving node (V) via respective data links and nodes {u, v, 3, b,
¢, d),
- defining routing constraints for the linear optimization problem ensuring that all data to

be communicated between two nodes are communicated via the same data path, and
20 - communicating all data according to the existing routing protocol of the network and via

the same data path between two nodes.

2. Method according to claim 1, wherein the selection of data paths comprises:
- determining data communication capacities of the data paths and selecting data paths
25 having data communication capacities sufficient to communicate the data from the

sending node (u) to the receiving node (v).

3. Method according to claim 1 or 2, wherein the selection of data paths comprises:
- determining physical delays of the data paths and selecting data paths having physical
30 delays equal or smalter than a predetermined maximum physical delay.

4. Method according to one of the preceding claims, wherein the definition of the

equation system comprises:
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7. Method according to one of the preceding claims, wherein the definition of the

equation system comprises:

15 - defining transport constraints for flow conservation and/or together with the average

link utilization part of the objective function for determination of the loop-free data paths.

8. Method according to one of the preceding claims, wherein the definition of the
equation system comprises: _

20 - defining capacity constraints for determination of the data paths having sufficient data
communication capacities.

S. Method according to one of the preceding daims, wherein the definition of the
equation system comprises:

25 - defining physical delay constraints for determination of the data paths having physical
delays for respective data finks being equal or smaller than a predetermined maximum
physical delay.

10.  Method according to one of the preceding claims, wherein the solving of the

30 equation system comprises:
- minimizing the objective function regarding the constraints for determining all possible
data paths and defining the data path having the minimal link costs as the optimum data -
path.
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5 and/or the maximum link utilization and/or the link costs weighted with respect to each

other.

12. Method according to one of the preceding claims, wherein
- data paths of the selected data paths having link costs In a predefined range are
10 identified as to be considered for the selection of the optimum data path.

13. Method according to one of the preceding claims, wherein
- the last solution of the equation system being determined within a predefined time
interval identifies the optimum data path,
15 - if the current equation system cannot be solved, or
-- if no minimum is determined for the objective function, or
-- the objective function does not converge.

14,  Method according to one of the preceding claims, wherein
20 - the number of variables of the equation system is reduced and/or data links are
determined to be considered for the solution of the equation system by
-~ determining the time for data communication for all loop-free data paths from the
sending node to the receiving node, and
-- identifying the data paths as to be considered for the solution of the equation system
25 for which a minimum data communication time and/or a data communication time being

smaller than a predefined maximum data communication time are determined.

15.  Method of claim 14, wherein

- data links being included by all possible data paths are considered for the solution of the
30 equation system, and/or

- data links not being inciuded by any of the possible data paths are not considered for

the solution of the equation system.
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18.  Method according to claim 17, wherein
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to sums of link costs for remaining data paths is selected as the optimum data path.
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- the link costs are determined only for data links including different nodes of the
network, and/or
25 - the identification of the optimum data path is performed separately for at least two
parts of the network, and/or
- at least one part of the network is grouped to a virtual node and the optimum data path
in the remaining portion of the network including the virtual node and the optimum data
path in the grouped part of the network are identified separately.
30
24, System for controlling data traffic in a network via an optimum data path, the
system comprising:
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5 - the control means are adapted to carry out a method according to one of the preceding
claims.
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Routing is one of the key issues in networks for communication of data. Conventionally,

5 the optimization of the routing for a particular network is achieved by
improving/changing/expanding the routing protocol. In order to optimize the routing of
data networks without varying existing routing protocols, the present invention provides a
method and a system for optimizing the routing of data to be communicated in a
network. In particular, the invention achieves an improved control for routing data traffic

10 in a network by a minimization of link costs between nodes of the network.
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