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35 anple if the amobunt of data is |arger than the data comuni cation
capacity of single data links. Simlar problens can occur if the data
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the desired amount of data, e.g. if2the node/router is i1ncluded by data
pat hs of different sending nodes and/or different receiving nodes.
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Dependi ng on the network for which the method according to the invention is
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nunber of nodes/routers and Mrepresents the nunber of data |inks.
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13 Septenber 2004 path principle the concatenated solution of the smaller
networks is equal to the solution obtained by the optim zation of one |arge
network. Moreover, it is possible to group at |eastqgpgidmedr Zogyet Work to
a virtual node. Here t he determ natgon of the optinumdata path in the
remai ning portion of the network 5 including the virtual node and the
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ft E t t
HRUAI TR e A
const r ai walge gamganes tp thehweighing vakevior tkhe offieg co@piohéntsf that alyjedtive fefdtient s of

the routing Cmﬂﬁ\trégﬂ)é&% @q@cc@ﬁcblémyrf& dofvind 6?\{@@5 @ého% Q@hﬁm&ﬁﬁ%niﬂé a
net wor k. 4 nodes/routers. Fig.

o TP usi vab B sob S Gg A R lo et it So'Pine 608 A nrsm e e oo
net wor k has begméletprreidedwishiagepretiefioedtting intarvalrF orRixgmp®, iHid agroattels t he dat a
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mum i nk,utili ustrates the link

Tom s 1 eraRadit ko s BRE o M AT D CipsTinen oL P bRt

accor di nfynction, loe thenstgettivefiunction does not converge.
Depending on the network for which the method according to the invention is
used, the number of variables for the definition of the equation system can be extremely
30 high. In particular, the number of variables for the objective function is in the magnitude
of N*M?, wherein N represents the number of nodes/routers and M represents the num-
ber of data links. Determined by the routing constraints, the number of variables for the
constraints according to the invention is in the magnitude of N°M? In order to reduce the
number of variables and/or to reduce the number of data links to be considered for the
35  solution of the equation system, preferable in the case of large networks, the method
comprises a determination of the time for data communication from the sending node to
the receiving node for all loop-free data paths. Further, data paths are identified as data
paths to be considered for the solution of the equation system for which the smaliest
data communication time and/or a data communication time being smaller than a prede-
40  fined maximum data communication time have been determined. Preferable, the maxi-



Fig. 8 illustrates the link costs for a 6 node network with m nim zed

maxi mum link utilization according to the invention. 5 Fig. 9 shows a

di agram for the changes of link utilizations accordjfgepemhbér 2g04ention for
the 8 node network. Fig. 10 shows g diagramfor the changes of I|ink
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First, for data comruni cated froma sending node to a receiving node, data
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n

fl ow or ed applesiies he ?fteﬁszoeéhe WSPQQ&ﬁ”ﬂéﬁ”ggf’Pdiﬁt%B?%gha net-
nodes/routers i awdk having a data traffic entry f;i > 0 in the data
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variable is set t® ﬁaﬁafpaéhejlataanthgw uv froma sendl ng node a to a receivi ng
nodes v Fi. Aout ed stweys éxtaenpdabeatworiskwitt 6 Beambbhnodebdsuierand j, ot herw se

this vagial e is feldos fhe da difhg afch@hb BPLE ihudiioh R i0ZHGBHe el ni ng an

upper threshold for t at1on nks ot h the
maxi mum | i nk ut|IWE%tPbW”&ﬁEe@ﬁéQEQ%N%bé“F?W%‘ut|Ilzatlon have to be
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13 Septenber 2004 -11 numlink utilization by directing data traffic to
less utilized data |inks. Conparable, the paraneter a, should be chosen to
have a snall value if the influence of the m nim za{3 gapRimbdye2dger age |ink
utilization onto the selection of opti num data path shoul d be higher
than the influence of the mnimzation of the maximumlink utilization. 5
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signatls 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
25 components include conventional electrical lines, data busses, buffer/memory units,
processor based units, software programs for data conversions and implementation of
data communication profocols (i.e. routing protocols), and the like.
In order to achieve the objective of the present invention, namely to minimize all
link utilizations (average link utilizations), to minimize the maximum link utilization, and to
30  keep the physical delays of the data links between nodes of a network in a certain range,
it is necessary to describe formerly the network and the data traffic thereof, i.e. the
amount and flow of data communicated in the network. For this formal description, three
matrixes are used:
First, a network with N nodes is defined by a capacity matrix C having the size
35 NxN, wherein each entry of the capacity matrix C represents the link capacity c; for each
pair of nodes i and j. in case no data link is existing between two nodes, the respective
entry in the capacity matrix C is set to 0.
The second matrix is a traffic matrix & which comprises an entry f; for each pair of
nodes i and j. Each entry fj represents the data traffic/data flow between two nodes i and
40 j.Ifno datais exchanged between two nodes, the respective entry in the traffic matrix F



5 data path for the data flow uv since such | oops are not avoided by the
transport constraints. However, such | oops are avoided by the m nimzation
of the average link utilization in the objective fu&bpamBar2dapaci ty
constraints 1o The capacity constraints ensure that the anmount of data or
the data traffic over data links do not exceed the capacity of the
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,and dat @ah il réidpeb@ely, possible routings/data paths were restricted to a so-called sin-
25  gle path routing. The single-path routing constraints ensures that exactly one data path
between two nodes/routers is defined for a possible solution of the objective function.
The effect of such a single-path routing is illustrated in fig. 1. The shortest data path, in-
dependent of the used routing protoc .l metric, between nodes/routers C and F is either
over node/router D or over node/router E. As a result of the single-path routing, both data
30 flows A-F and B-F are routed first over node/router C and then either over node/router D
or over node/router E, but not one flow over node/router D, while the other is routed over
node/router E.
Second, capacity constraints have to be fulfilled according to which the amount of
data communicated over a specific data link does not exceed the capacity of the respec-
35 tive data link, i.e. the maximal amount of data which can be communicated over the re-
spective data link. The capacity of a data link in a network is not limited to the physical
transmission capacity of the different transmission components of the data link (i.e. elec-
trical wires, busses, processors), since data to be transmitted or data packages thereof
can be stored for example in intermediate memories of data links and/or of nodes/routers
40  before transmission. Two approaches can be used to define capacity constraints in terms |



1o Conceiving an iterated or recursive application of equations (8) and
(g), the'routing between nodes/routers i and j is identical for all data
flows through these nodes/routers. Therefore, the fpugdpfphibdd 2oy based on
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routing protocols. Fig. 3 illustrat'es the effect of the routing
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13 Septenber 2004 -15 link utilization is achieved by an iterative solution
of a linear optimzation problemhaving a different, reduced objective
function and different, reduced capacity constrai ntf sdpRnSieeorimnt a, * t
of the objective function (1 ) for t1he m nim zation of the maxi mum |l ink
utilization is omtted. As a consequence, the sub-constraints for the
capach i : A ent. t ; } Llization
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a~ is iteratively mnrmzed. {artlng rom a val ue of 1 'for the
parafeter a~, the equation system including the reduced objective function
i s sol vaganspba cohstkaintei | 1 zati ons of single data |inks are detem ned on the
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| ast solfeurisph-constrdiets defLeachsiatasii@vem i s consi dered as sub-optinmal sol ution
of the linear optimzation problem zo Specification of the Iink costs In
order t ecgify. the data link.costs for the raouting determ ned by the
equat i oﬁ' iﬁ%ﬁ@ﬁflﬂw ‘f‘h&?i‘&%é@%ﬁ%ﬁ%ﬁsﬁ ‘6?? EpJeeaiing H%‘%ﬂ‘égﬁ'ngiﬁﬁfas@tﬁ@fjs have to
be det ecnehagiegauter i ihacutetevéoenitlon® detanigk &edinghmeit optode/metkrdat a pat h,
respectively, corresponds with the shortest path routing. This can be
achi eved dy_ a_equati system for i near. optim zation prob 25 lem |[n
this case \’(‘}i}'hé?o reaélﬁ[é\yvé l‘fvuef{@ﬁ”d??di%g}r?lré}?ﬁér uni nportant since the dedf)r ed
solutiond™f0r the data |ink costs is obtained by conmputing an inequality
system 2A | i naaa@Pidiilig 8bndRe BEARhE Abis L& MES8ALIBE nBYe 2% folRAUAL 1 LY
systemin (ilonbl .at(l on vmtth an.obhe(ftl Xe fognctl on Therefore, the
det er m FARFEPNSHINK HETRM s PHAINEYSY (LA PR NOEIPUPEN usi ng an equati on
syseem for a linear optimzation problem As a result, a standard sol ver
for lin ear opty m-zatho4) Rfrhlens can be used for the determ nati ) of
t he dat a/fiqik g_g‘t(s' Usi ng the above-nenti oned pre-solver, all
rel evant/ possi bl e | oop-free data paths for data flows have been determ ned.
For each data path except for the desired/ opti numdata path, the sum of the
data |igk cogbpalf @stad@ivad Uitk tHeQlemting 1B J B IREFlcbNMgdRdR WPHd S, must be

| arger than the sum of the data |ink costs for the desired/ opti num data
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desi redgo 8§ af@8qf achieved since all data flows froma sending node to a
recei ving node nust be routed over the sane data path. Considering all data
paths for a data flow, an inequality system nust be defined only for those
dat a pat@n@mc ixjr,lci adiratflywhodesd mdubessroutdrs Gerpniised by the (4)
deshg;ed/;agtoi num4e data path. 13 Septenber 2004 -16 If the solution of
such an,inequality system shows that for all data paths except the
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40  one data link is leading out of each of the nodes/routers a, b and ¢ for the data flow uv.



15 Simlar to the flow oriented approach the objective function of the path
oriented approach includes two additive parts both of which have to be
mnimzed: a, *t +~~~~ ~ d,.,x", , with c;;>0 43 §ektdmbar2d04 Jsk
Transport constraints 20 The transport constraints ensure that one
Ioop free data path formthe sendi r?& ‘note a to a receiving node v exists.
X"~ al | . pat hs . uv acit onstraints 25 Thesmovrtheflows
on_each GeTREE PV aUSIAN (68, R Rae Rafe R Ao B AR ENEr R U OR AR acc |
for all lokice betwdesn inodeirodtecs andthe rekeivipl nRdeiviang teonisdteaimths rédeiving- def i ne
a path fqgaaa to v and x~, define a path for k to v and both paths are
routing 30 ovrfr i both.gatgs ar e identical for the i to v, thus P~~ -
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path a, b,c,v and al so frombto v nust use , C, v and
so on. HeNdn F*'@CQPJ%‘?“\‘/%‘CH”’[C@P%H on is also true in the opposite di rection of
t he i ndex paraneter k. Exanples To denonstrate the effect of the nethod

accordi r@aéggn;% E@Sltrgxﬁ@%tlon the results of an op 40 tim zed routing for
exanpl e g scribed in the follow ng. The used networks 13
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sel ecte ecause o [ ex s s many di fferent data
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mat ri x Pyfeoparkimetaretwor k having 6 nodes/routers is shown in tables 1 and 2.

012 5001200100001110080000209001000703130080090040007001205007501250 Tabl e
% matrix C for the network having 6 nodes/routers

01234500 141 2062852680483 388% D38 5785035576840 Tabl e 2: Flow matri x8F for

t he netwdrk having 6 nodes/routers 10

As set out above, data links within a data network are able to handle for a short time in-
terval data traffic being larger than the physical transmission capacity of the respective
20 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 bottlenecks
in case of congestion. For the method according to the invention, the parameter a, is set
to 1 as a default value.
The second sub-constraints given by equation (7) defines an upper threshold for
25  the link utilizations. The variable t used in the objective function (1) defines an upper
bound for the utilization of all links. While the parameter a. is a fixed value, the variable t
is to be minimized. The second sub-constraints force all link utilizations to have a value
being lower than the value of the parameter t:

30 Zx,j w S 1—6 ;» for all data links ij with ¢;>0 (7)

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 cal-
35  culate the costs for data communication/routings obtained by a solution 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 eac 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)
40  between nodes/routers i and j.



The physical delays of the different data |links were set to 1, while the
paraneter a~ was set to 3 in every optim zation. Using the above descri bed
pre-solver, for exanple, the nunber of variables fof3 &8gtangbarcidosravi ng 14
nodes/routers was reduced froma vaglue of 8800 to a value of 4714.

Moreover, the nunber of constrai nts3coul d be reduced. to less 15 than the
hal f: For all networks, optimzations with several paraneter settings were
performed. First the optim zation was perforned w thout an effective upper
t hr esholTheé® const@inimricraphidvied oyt iecursiveisyptenifi sibwasstahiseved by onmitting
the constraints keeping the maximumlink utilization below the value of the
par aneter,, t (as de cribed in_section | 20 optim zation") and by
set ti ng e *paramst erfo%laf‘aatﬁ flowp b %?de’fg'om‘?%e’ g@@l‘f%‘ti ng routing for the

net wér k havi ngargd dateddisks stuters is illustrated in fig. 5. The data |ing)

havi ng the highest utilization of 42,9%is the data |link 4-3. The value for
the mnim zed, avgra?e Ilnk utilization was cal cuI ated to 22,4% Then, the
par amet e~ 4 *was *set L1 Pralhdata,bovs v ”@d?ﬂr%@%‘ AMelhylslightly smaller 25
than the cal cuahraimiamahxssmm link utilization of 42,9% Iteratively regucing
t he paraneter 13 Septenber 2004 18 a~, nanely to values of 0,375 (=
37,5% and 0,36 (= 3699, the optinmumrouting was found for the paraneter a
havﬂPig Pﬁ@cwﬂna@ndﬁer%e@er R e ecnrlieatioa i saiptiansBleande@yl the sutina bedef aul t
opt i m zakemnnodes/rolterdiedralylid ideptidaniar atl |dem flowss th@uigh ehadla) reeies veutétdnct i on

(1), tNGBRRGHIEHRI odhd YithionsHBsed Bn e Rhbifa Bnh S artdre@Stldind gt NI S

optim zation e het wor K havi ng routers is Il in fig.
6. Agai H© iMReRY¥ation ¢fthe &g PEPERlk i s the data link 4-3, however, its
utilization Wwas 3destraasade bife@ of #leu@uhg %s?ﬁmtﬁ&s@umm@ﬂﬁﬂ&ﬁﬂé ﬂdihsrf]ub he
average vV, own in
Fyensg id aog&gwehhgggw@#wb s panel id Buikdd &vevﬁogés gndifcaBaghg 10
r out ed 89@@"%%@?@‘6‘{?&'8%9?0 aﬂﬁqv dH@éPé‘ﬂB?Té’nst(ﬁ)eardja&% d@é@ﬂOWGV froffe dat a
fl ow 2- thenseshdalgsmdeaufoetie oaivimpaede whaeto He robtédtdver nodket @ & bow Rari Was
routed gver node/router 5 instead over node/router 3, in order to reduce
the link utilization of data |link 3-4 froma value of 40%to a val ue of
35, 7% On t h&ohdaipdlowrug, e Bibeedete Saissedst gdherayrhaedeon wmodata Thenk
costs, thia mhh mclidirg ri’ieca$ios basissdridr theadatposwilel envettes sseeiaf @sbssuch t hat

t he shomﬁﬁ&suagmdé 9Yiichubia B U ABlonkR, bRELLAYE IRGugBbldIe urd e above

optim zatlon at'a

wher ei n P?Wén?'!é%'r}@@w% eRt AcY heieed det the datp fdveus. sdjsedhis watapais ideas netel ays
are dr ?\m!udﬂ riodle bowiayh g@mmae dstrabiewsndri td e@aélam (@®he (ﬁM@’;v@érHs daé a?ﬂlal nk 0
costs . 20,1 . - 1 ths fo ta flow 5-

i ncl ude%@ﬂ@%%’%@gﬁ%aza']z‘idzwélda%lg%b 'rﬁ@%ﬁh b@% gr%nﬁéﬁa 3° dﬁ{gh%%ﬁaal I

phy3f cafloyacabeqagpe theseslatmpass dp @obfulfifdherroutiag serstiajnts {0 roptealkémat est pat h
I's the faws iastHehwatdaois ad, avdry havvagha seindidiZRiksaver age |ink
utilization. In fig. 8, based on an optimzation with respect to a
mnimzed maximum|link utilization, the physical delay for the data path of
dat a f| Blvsical delavzonsiraiats The phy5| cal de 25 | ays of the other possible

dat a padaﬁh@%ag.s@od@sdﬁé&m@lmﬁo@m |r3c<§}hbrﬂ¥ﬁ5n \Dmﬁw%/tl‘é?fébgﬁéor?stn%ﬂﬁs:” are 4
s corresponding with

d | t h t
? Eeﬂgesghree%%%ﬁt v%“ﬁé‘?saarb%Wﬁ rg"l‘ﬁ]goctrg’ﬁ'g'isWQa? %S%SFOHTFnQd%"’Erhb‘? B?TF?WGS for the
net wor k8aYiag thegsh@riaptbat rewdive svithcu amsogsasopsly, fuoifoenly sistridutad gata Faf-st, t he

aver agefib.| llﬁ lorddritd bg@m tﬁ@ g%ﬂo%@b ezl sRA| a\uéMF dét%%omrﬁdd.%oﬁ% the
maxi mum_ || ut i I zatci)g %ecr eased

iterati U%W 'Rta? 'réﬁ’cﬁ‘get ?-E'S pgéﬁlF%’Idfg{I C@HS\F\%{EtSB)@I‘QQOCF%Hb? BY Q?He the

m ni nmal bp@pslidsl. e naxi num link utilization. However, the network having 14

nodgsg/ rout er srn@m@%softp%sas|ecafmk§|>aemsq?g§ﬁﬁ?edad?, mﬁatpbrs%etépé %h.%“meThe

maxwrunlllnk utilization S reduced LI e for
t he nmaxIOMFT PiYsCa ¢y (L@ dfe flaw ipierrgssnied tl-)kﬂ/\)é"\‘f@be b thE iprrehal all | nk
util i zatoopsirematata paths fgneasds u tdasdeay wad e, afth82Um «ial paysicdl delys oval ue t he

equat | OH‘esa/a'i ﬁ%_cf&%r Hgﬁgl gﬁe}gml pﬂksqé’éfl d@fé]ypcy“ﬂb SR HE@V%gt ep%é?ﬁnpzat i ons

i nf easi or” t he Fout?

with sef’@@t@i’ed-b‘i?é}o‘jﬁ?r‘é@h@lecﬁnq"éﬁ Rhyyeicaedalayide | i nk uti | | zatl ons for the
net wor ks having 8 and 14 nodes/routers are shown. The naxi mum |ink
utilization could be decreased, while the ao average |link utilization

al nost remai ns unchanged. As represented by the bars identify 13
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ing the difference between link utilizations of the nost and the | east
utilized data links, the data traffic distribution becones nore honobgeneous
wWith a stricter upper threshold of the maxi mum | i nkq3i§bpichibd 00604 | N
particular, the difference could b reduced to alnost a quarter of the
networ k having 8 nodes/routers (seé flg 9). For the network having 14 5
nodes/ r out.er s the timzation effect is less clear since in this network
| i nks ar eX|n§ Perfi@ i‘th an uti~lization of only about 1 %i ndependent(18¥ t he
sel ected upper threshold for the maximum|link utilization (see fig. 10).

Si nce t hae%merafwet anqnnmﬁdﬂygean db:aay i5 %ﬂe«a{ém mmﬁﬁlﬁg %n%?é&amala & of Or t he

maxi num |.i nk .uti zati on 'l nks

i ncreasé& paés‘bd’eé% é?%ggﬁﬁﬁthsﬁéom f%e Mg PPeg ed”f)‘ﬁd"fq[ aEﬁra”’teﬁ%f &lf'quk

util bzatupper tbfeSQeIIdeac,tiéld ahat ke diafimles répresdding tme)madimmepeymcaupp!ey farhr eshol ds

for the apXygMdw: Nk utilization. The Iink utilization of data |inks

initially highly utilized is decreased for a reduction of the upper

t hreshol d for the maximumlink utilization. This applies for exanple for

data |i n 9d4,< 49, arfdr dlt @ataFlowsamsequence, the link utilization of(idiata

i nks 8-u5j»05 and 3-1 is increased. 15 Measure the End-to-End matrix (e.qg.

SNVP, Accountl ng}/ Billi ng Softvvar e) and coll ect the dat a on a central system
dugliannthe cempleyty ofdhe eRlation syglemdar Hstlineanentinigationtpjoblemow, del ay

mat ri x IFysrtu&e;oumlenmetﬁwmb;mweahmmbam thieeuaiek B’ﬁ\llarra@lﬂsltﬁgem@ﬁﬁdﬁe@ﬁs

Confi gurr?th%h‘ﬁainﬂﬂfi%%f M‘n‘h’h%Qﬁenﬁﬂtrbg?%'serﬂé“’trﬂ{ﬁrﬁﬂer%\f% dé{}%tuiec%gtaﬁd A pfigure

sof t wa

i nf or maf$EAts e pymbgr ehiatadipks. P@ﬁerﬁﬁ'ﬁeﬁ‘ kyrtBe FOLIND wgNFadRtecloR nuetbgr othange
the r outcomramt@tsqame MEghisRiesof QKT E@re@hmcmr)ar@@demhasuhab@iné Reargpt i nal ded.
routing p S tr unit "is neede
1343 ot oBBEAUBISES nd BBl h € Blicn ottt ShSa o EERI gl Phlryd D
opt i nunf'ﬂ'&?é?bﬂﬂi'ﬂ ACFarding MR inRdh¥eyan cAg ba veNnUing Fenpuatintéaeplepuer evena, b, c,
(Cji) connanpedioi. Thaatieref & B allddgrersiveod BRARVHIGH ﬂé@u&é!ﬂh&tn@ﬁﬁ)eﬁf)f vari-
eterm r t recel ving
node (v%b%g a% c@ﬂstﬁ%t&% nﬁ%&&'rﬁa&%oo &%h?dﬁggg h@%ﬁﬁ% &J(lf)l)ﬁqn t0 ﬁ ®sendi ng
node (u)eq%'%t'ot”ﬁé(sﬁeé'bel vi ng node (v) via respective data |inks and nodes (u,
v, ap b, c, ®Relevanstdtephinsgrericatifat disthewekistdidie i&bb(—}dﬁé@hyﬂc@@elay

communi egf eobpeluash b%\%ﬁee'ﬁ%%%gfr&ﬁé@“é\l &A% ggth\é'b%lrlgngeffrgg gg S arg at h, --

det er mi ni ngmaxi mum | m{% ron
val ues %steimaed o ernaachef Q@ﬁﬁﬂ%ﬁ%%atéﬂ)airﬁeth Yﬁ'ﬁﬁhqeﬂﬁmsl‘}ﬁmh&t&&lﬁi@)n and of

t he avetragaunh bhiheyhiysitZakelzyrofdfe tde linked Rethig tld@te%p@@t’i\ﬁésdata thﬁf DBiang as t he

oo PR e e B oice e a7 e b g 8 R o R PR o e
m nithal cRlARY thirgheldta.de” grre Kenbiiarhas Eﬂ’ﬁs)/aafdéltﬁ@aﬁf‘éxi:wﬁrﬁrl #lhdata 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 data paths are not considered by the solution of the equation system of the lin-
30  ear 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 utilization of such data links is determined by the
solution of the equation system.

35  Sub-optimal routing
In some cases, for example for very complex networks, it might be advantageous not to

calculate an routing using the entire equation system but to utilize an approach de-
scribed below resulting in a sub-optimal (sub-optimal: get a solution which is near the op-
timum in a practicable time)routing. In contrast to the above described procedure, the

40  maximum link utilization is not directly minimized. Here, the minimization of the maximum



20 utilization and of the average fink utilization, wherein said

conbi nations of the average (ink utilization and of the maxi mum i nk
utilization are represented by a function includi nhd §eprenebaidfodd nk
utilization and the maximum link utilization weighted vvlth respect to 25
each other, and - communicating dat’® from the sendi ng node (u) to the

recei vin node ia said optimumd t hod according to claim
1, “wher di UE"I‘F@“é‘?ie"pa%‘fe‘@ 1 AP sl B iediontBiRg e Bt natepe of -
det er m ri diffectat, aed.ermobjectve mctapacd tifesntfretdneddapacifyaddnstraint. sel ecti ng
data paths har\ﬂe%ngﬁ;mgppamwgf fﬁ?tdbfaan&@ﬁmléd @5 fHHhd bk rii;[ é?ogtgam'm cat e

the data fromthe recef vi ng 3. Met hod
accor di ﬁ@a’f”B“E‘l ligk ptiizagpn 25 Ofﬁkﬁtéidef‘%atcﬁéseﬂuébc%fth% é‘l‘%é‘?’isﬁr@ OdéﬂeacapP&’tChs
conpsi sety dohstraitie psprefented deequation [Ayfopdiveg theajt:hdﬁioayﬁ differéteiatkalirkspat hs and

sel ecting,data @%P&ré@'ﬁ:‘ldﬂ&rﬁmgﬂ%ﬂoﬂ% ﬁ@@gy gﬁyrgg;g' b‘aﬂwg@rmh g

predeterm ned ept eib
accor di fgndothg r?éh%fsup‘r?énét@ﬁ‘tﬁrémlth% CaWﬁéﬁV éPﬂStfalﬁ@S serepsestteqiby paaigntBe

opt i mumiglagfmepiarhbrecigyyi IneRati ke usiheiise adfauldedliabng f@nhepaahicsr fyweem for a
| i near }]érﬁéé% QNP .98&%[11% i dentifying the 5 opti num data path, and -

sol vi ng 't uat’ i on efine the opti numdata path. 5. Mthod
accdfding to E‘d{a@nmfnq;m %\M@F‘@lomtf@fethgpéf?”éﬁtﬂcﬁaf ihei asyatioresysirmincbisling/Seem
conpr i segdiidee chjefilv@funchiéh s weldnrrﬁ@m?mmbdatml&lovembwua@ mﬁksfa@é adet e(r]I m ni ng
maxi mum 1] 1 L.on.an r I |zat v s indicative
of onb|'['F|’1'l§t'?1léd%tn th? %f%u's 3 tﬁe POU%\AES E%S 0l {Hé {hi'%aﬁj A %r? S’fsttl%ma]\')gg%agﬂl i nk
utili zatstemthe@arapetaba. Ia@@btpoﬁ YﬁjUQ 8'Qdflﬂ’a‘ﬁ'ﬂhauleFdfﬁEFBthevﬂﬁTéﬁ“@Btrﬂ@thmlmelmkof

defi ni ngmt[ﬂﬂmﬁqmﬁ bﬂi&e&@’eﬁyﬁé[ﬁ’@l&ﬂﬁmﬂ iheesItibe oﬂr%pre@uced'e |b|ﬁ”5\l]!§lerhr§n5p0rt
cons; rai LS rf%r ectegng]nlen Uo % gtg&ﬁsno{eeo qllat @2& S of eet od ccordl ng
to ofe SPTYHEMG BiE® % e P o “P}Hﬁd)? Byt 'B?lsystem
conpri se@eméorsmewhdfon agighe e@l'eatiomsmgtermatewﬁywq:cﬂmrm@n@ﬂsteen@ad|bmghe hat al |

data to Ié& s@@ﬂmlﬂf patRdaliet YRed iV EmREes & QICaTmEliseiati®doiha ihbs sane
data path Vet h??g according to one of the clainms 4-7, wherein the step
of defi ﬁ)pﬁr&:ﬁaﬂgngao t'"on system conprises the step of: 25 - defining
capacity constraints for determ ning the data paths having sufficient data

commni GHclchiBaticdPFChé lii96cosh I\/bt hod according to one of the clains 4-8,
wherein th e efLnLn tio stemc rises the stesof 30
MGt mih s iRty U a8 ke FNE (DGR EFRInR T T 6 6%uie8 SHERS havi ng
physi calor @ylycecbeqtraé@péwevetwaaa Ilnlhwt&)m\mtoé@mtemnwchehattthan a

pr edet erfmrrhe@uwmwfﬁembmﬁ@i daiggam relsgectMat h@&r&%ﬁﬂ@'mgtﬁ&s%s@f the
cl ai s m conpri ses

Che. ot el oMtk edfF e R ¥ R0k Faion die RS Dae bPRHERED BORR 1 ai nt s
f or 2det éemi Inithig cas¢. thosbjeblive fdatt@npardiseramimpistantisinge thredetired spltion havi ng

the m nifsethe MR IAKBokisN ogttamédw dopibL@Rg ah maeqma Ry @éteﬁVﬁrlﬁesr é;jt.ﬂhza-
utilization ons of . the maxi mum

Fink ut 1PRBRTER Siear e R LT PBGUAY RIS 1 FoE R ALY CRECBB | mum dat &

pat h. function. Therefore, the determination of the interface costs can be calculated using an
equation system for a linear optimization problem. As a result, a standard solver for tin-
30  ear optimization problems can be used for the determination of the data link costs.

Using the above-mentioned pre-solver, all relevant/possible loop-free data paths
for data flows have been determined. For each data path except for the desired/optimum
data path, the sum of the data link costs for data links forming the respective data paths
must be larger than the sum of the data link costs for the desired/optimum data path. An

35  inequality system defining this constraints can be very complex. Therefore, a reduction of
the number of inequality equations is desired. This can be achieved since all data flows
from a sending node to a receiving node must be routed over the same data path. Con-
sidering all data paths for a data flow, an inequality system must be defined only for
those data paths which include only nodes/routers not comprised by the desired/optimum

40  data path.



13 Septenber 2004 -22 11. Method according to one of the clains 4-10,
wherein - the last solution of the equation system being determ ned within
a predefined tine interval identifies the optimum dgi §epinibert2004 f the
current equation system cannot be s | ved, or - if no mninumis determ ned
for the objective function, or - obj ecti ve function does not conver ge.
12. Method ac n 11, . wherein nber of
vari abl es of Ifﬁ\e SO&ﬂ'&Pl%% %yg'{’ g}nﬁ alﬁ¥ gﬁﬁ%@&“%ﬁ ?%ﬂlfa%af Pﬁ(tgsﬁ Pt

det er mi nBd desirgstoptomyn detecerth dre weosmmtaalmkofostsrﬁ tqudatamaﬂnsny@gm by -

det er m ngag tﬁehﬁtrﬁ bmefumk cs@%f@r@m&b@@bmﬁumfoe&a 9Jnh heQRsh&&6pfRlA Paths
fromt he node, and I dentifyi ng the data

n i n
pat hs as aﬁ%i’a{*‘dgﬁa"%%?ﬁé‘ﬁtﬁ‘é E'J"tg&"sh rﬁees?gaialﬁqt%n of the equal5 tion system
for which a m ninmum data conmuni cation tinme and/or a data communi cati on
time belmhmhﬂegrapbmha pr edef| ned ITB.XI mum dat a communi cation tinme are
determn h% 20 - data |inks being included
by al l E‘?B"@‘ B%{P%? 'bﬁtﬂ%s' etOé?fH&i’%ieﬁ%PrPB'ﬁ"} e Qéﬁﬁriet’i'f?doﬁpﬁr?@%quatl on
syst em Ehadihethod idlaqual td thiesflomodridmés chap droadhudedihb yollmingéhdniges possi bl e dat a
paths ang;{ipfs considered for the solution of the equation system 25 14.

Met hod accorde Ing to one of the clajnms 4-13, wherein - the ysi cal del ay
constr ai HiesBeRleanyariapled xhyis Briedesschddisaafiable shehire ééfttf‘ﬁﬁaﬁ fhaé%uv BeMt he daf a
| i nks bethesendihfaot®des aoécdivieg nedavoiskouadiver the da@pﬁh%b%hmé@ﬁﬁ?y

constr ai f [Ny} d pective
physi caIM§P@c¥|§S&%O E% %d%%gmﬁlg%%%égta@b\r?eﬂﬁlét he™ gfg'l%r#sd?%g\fa'%ﬁMerei n
fhe ste@®Puldiggthepathi ng the optinum data path is pertormed continuously,
or at pr@dettiveddndtiones, or in predefined tine intervals while the anount of

dat a5t 0 @@ 68T é‘h&%ﬂgnﬂgg gggoggﬁum%&a%'fwuwme atibi a&s&is[)b@s%“ mes,

in predefined tinme in according to one
cI ai ms 10alddes meradditive parts baf rvhichyavertRibRiGIMIERY opt i mum dat a path is
per f or meq “Har %p %BZCQ‘QQ orwittegk@ral amount of data #o be communi cated. 40
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Transport constraints
20  The transport constraints ensure that one loop-free data path form the sending note u to
a receiving node v exists.
>x, =1 , for all paths uv
k

Capacity constraints
25  The sum over the flows on each link must be smaller then the capacity of the link
> >x.d, <ac, | forall data links ij with ;>0

wtuy
uv k. ifek

Routing constraints

If xu define a path from u to v and x,, define a path for k to v and both paths are routing
30 overi, both paths are identical for the pathito v, thus

Pu —Pu < 1

This routing constraints can 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 k=u,a,b,c,v thus

the flow from a to v must use the path a,b,c,v and also the flow from b to v must use the
35  path b,c,v and so on. This recursive iteration is also true in the opposite direction of the

index parameter k.

Examples
To demonstrate the effect of the method according to the invention, the results of an op-

40  timized routing for example networks is described in the following. The used networks
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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 maxi-
mum 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 utiliza-
ticn was calculated to 22,4%.
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Then, the parameter a, was setto a value of 0,4 (=

40%) being slightly smaller

than the calculated maximum link utilization of 42,9%. lteratively reducing the parameter
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value of 40% to a value of 35,7%.
On the basis of the above described determination of data link costs, the data link

15  costs as small as possible were specified such that the shortest path routing is equiva-
lent to the routing defined by the above optimization. Figs. 7 and 8 illustrate the calcu-
lated data link costs wherein the respective data link costs and the respective physical
delays are drawn in the gray boxes. As shown in fig. 7, the overall data link costs for data
flow 5-0 is 3. Other possible data paths for data flow 5-0 include nodes/routers 2 and 1

20 or nodes/routers 2 and 3. The overall physical delay for these paths are 5 and 4, respec-
tively. The shortest path is the same as the desired path having a minimized average link
utilization.

In fig. 8, based on an optimization with respect to a minimized maximum link utili-
zation, the physical delay for the data path of data flow 5-0 is 3, also. The physical de-

25 lays of the other possible data paths over nodes/routers 4 and 3 or over nodes/routers 2
and 3 are 4 and 6, respectively. Again, the shortest data path is corresponding with the
desired/optimum data path.

The optimizations of data routings for the networks having 8 and 14
nodes/routers was performed similarly. First, the average link utilization was minimized

30 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
to be complex to obtain an optimal solution. The maximum link utilization was reduced to
38,8%, while the minimal value for the maximum fink utilization is not known. However,

35  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.

In figs. 9 and 10, the results for the routing optimizations with selected upper
thresholds for the maximum link utilizations for the networks having 8 and 14
nodes/routers are shown. The maximum link utilization could be decreased, while the

40 average link utilization almost remains unchanged. As represented by the bars identify-
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and collect the data on a central system (INTERNET-server)

y

Build from the collected data the capacity, flow, delay matrix

L

Use the method to calculate the optimal routing parameter.

iy

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

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 calculate the optimal routing parameters in every
router. In this case no central unit is needed.
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- determining of an optimum data path from a sending node (u) to a receiving
node (v) by
10 -- determining all loop-free data paths from the sending node {u) to the re-
ceiving node (v) via respective data links and nodes (u, v, a, b, ¢, d),
— selecting data paths such that all data to be communicated between two
nodes are communicated via the same data path,
-- determining maximum fink utilization and average link utilization, or values
15 indicative of combinations of the maximum iink utilization and of the average
link utilization of the selected data paths,
— defining as the optimum data path the one of the selected data paths hav-
ing the minimal maximum link utilization and the minimal average link utiliza-
tion, or the minimat value indicative of combinations of the maximum link
20 utilization and of the average fink utilization,
wherein
— said combinations of the average iink utilization and of the maximum
link utilization are represented by a function including the average link
utilization and the maximum link utilization weighted with respect to
25 each other, and _
- communicating data from the sending node (u) to the receiving node (v) via said
optimum data path.

2. - Method according to claim 1, wherein the step of selecting of data paths
30 comprises the steps of:

- determining data communication capacities of the data paths and selecting data

paths having data communication capacities sufficient to communicate the data

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

35 3. Method according to claim 1 or 2, wherein the step of selectlng of data
paths comprises the steps of:
- determining physical delays of the data paths and selecting data paths having
physical delays equal or smaller than a predetermined maximum physical delay.
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10% 1B, (jde frgjg)%\d:@j?the func [o.n for d.etermmlng Fna)flmum link utilization and aver-

age link utilization, or values indicative of combinations of the maximum link utili-

zation and of the average link utilization.

6. Method according to claim 4 or 5, wherein the step of defining the equation

15 system comprises the step of:
- defining transport constraints for determining the loop-free data paths.

7. Method according to one of the claims 4-6, wherein the step of defining thé

equation system comprises the step of:
20 - defining routing constraints ensuring that all data to be communicated between
two nodes are communicated via the same data path.

8. Method according to one of the claims 4-7, wherein the step of defining the
equation system comprises the step of;

25 - defining capacity constraints for determining the data paths having sufficient data
communication capacities.

9. Method according to one of the claims 4-8, wherein the step of defining the
equation system comprises the steps of;

30 - defining physical delay constraints for determining the data paths having physical
delays for respective data links being equal or smaller than a predetermined
maximum physical delay.

10.  Method according to one of the claims 5-9, wherein the step of solving the
35 equation system comprises the step of:

- minimizing the objective function regarding the constraints for determining all

possible data paths and defining the data path having the minimal maximum link

utilization and the minimal average link utilization, or the minimal value indicative

of combinations of the maximum link utilization and of the average link utilization
40 as the optimum data path.
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25 14. Method according to one of the claims 4-13, wherein
- the physical delay constrainis are defined by predefined data communication
times for the data links between the nodes of the network, and/or
- the physical delay constraints are defined by transforming band widths of data
into respective physical delays.

30
15.  Method according to one of the claims 1-14, wherein the step of
- determining the optimum data path is performed continuously, or at predefined
times, or in predefined time intervals while the amount of data to be communi-
cated is determined continuously, or at predefined times, or in predefined time in-
35 tervals.

16.  Method according to one of the claims 1-15, wherein the step of
- determining the optimum data path is performed for a predefined or maximal
amount of data to be communicated.

40
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ABSTRACT

Routing is one of the key issues in networks for communication of data. Conventionally,
the optimization of the routing for a particular network is achieved by improving/changing/
expanding the routing protocol. In oraer 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 in-
vention achieves a homogeneous distribution of data communication traffic in a network
by a minimization of the maximum link utilization and/or a minimization of the average
link utilization of data links between nodes of the network.
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