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Routage ecace en énergie: de la théorie à la pratique Résumé : v9éonomie d9énergie dns les réseux peut être omplie en utilisnt des tehE niques e0es de routge ou de oneption de réseuxF hns e ppierD nous étudions une rhiteture simpli(ée de réseux dns lquelle lorsque deux routeurs sont reliés pr un lienD les deux équipements extrémités de e lien doivent être llumésF ghque équipement ynt une onsommtion dépendnt plutôt de son tivtion que de l quntité de tr0D notre ojetif est de minimiser le nomre totl d9équipements réseux tivésF eutrement ditD e prolème revient à e'etuer un routge des demndes en minimisnt le nomre d9rêtes dns l topologieF xous proposons un progrmme linéire pour résoudre e prolème et montrons des ornes simples sur des topologies prtiulières telles que l grilleD l9rre ou le grphe ompletF xous montrons des résultts d9inpproximilité de e prolèmeD même si l9on onsidère des instnes prtiulièresF xous proposons ensuite une heuristique dont nous évluons les performnes à l9ide de simultions sur des topologies réelles et sur l grilleF xous étudions ensuite l9impt de es solutions e0es en énergie sur l tolérne ux pnnes et sur l longueur moyenne des routesF pinlementD nous proposons des struE tures de routge qui grntissent deux hemins disjoints pr demndeD insi qu9une limite sur l longueur des heminsF Mots-clés : winimistion d9énergieD routgeD grphesD progrmmtion linéireD lgoE rithmes 1 Introduction he minimiztion of sg energy onsumption hs eome priority with the reent inrese of energy ost nd the new sensiility of the puliD governments nd orportions towrds energy onsumptionF sg lone is responsile of P7 to IH7 @depending on the estimtionsA of the world onsumption RF sn this pperD we re interested in the networking prt of this energy onsumptionD nd in prtiulr in the routingF st is estimted tht swithesD husD routers ount for T h per yer in the ITF ome reent studies QD IR exhiit tht the tr0 lod of the routers only hs smll in)uene on their energy onsumptionF reneD the dominting ftor is the numer of swithedEon network elementsX interfesD pltformsD routersDF F F sn order to minimize energyD we should try to use s few network elements s possileF xeverthelessD in most of networksD os or even routers nnot e turned o'F es mtter of ftD (rstD they re the soure or destintion of demndsY seondD they n e prt of kup routes to protet the network gin filuresF por this resonD we onsider in this pper simpli(ed rhiteture where onnetion etween two routers is represented y link joining two network interfesF e n spre energy y turning o' the two network interfes whih re the extremities of the linkF he network is represented y n undireted grph ndD in tht seD the gol in this simpli(ed rhiteture is to nd a subgraph minimum in number of links to route the demandsF he ontriutions of this pper re the followingX e prove tht there is no polynomilEtime onstntEftor pproximtion lgorithm for this prolemD even for two demnds or if ll links hve the sme pityF e present heuristics to (nd lose to optiml solutions for generl networksF hese heuristis re vlidted y omprison with theoretil ounds for spei( instnes of the prolemF purthermoreD we exhiit negtive results out greedy nd proilisti heuristi lgorithmsF e give expliit close formulas or bounds for specic topologiesD suh s treesD omplete grphsD nd squre gridsF hey provide limit ehviors nd give inditions of how the prolem ehves for generl networksF e study the energy gain on set of topologies of existing kone networksF e exhiit tht at least one third of the network interfaces n e spred for usul rnge of demndsF pinllyD we disuss the impt of energyEe0ient routing on route length nd fault toleranceF

Related Work

Measure of energy consumptions. everl mesurement mpigns of network energy onsumption hve een rried out in the lst few yersF ee for exmple IQD IR nd QF heir uthors lim tht the onsumption of network devies is lrgely independent of RR n°7234 inria-00464318, version 2 -29 Jul 2010 their lodF sn prtiulrD in QD the uthors were interested y routers9 energy onsumptionF hey oserve tht for the populr giso IPHHH seriesD the onsumption t lod of US7 is only P7 more thn t n idle stte @UUH vsF USSAF sn IRD the uthors show through experimenttion tht the power onsumed depends on the numer of tive portsF ixpliitly disling unused ports on line rd redues the devie power onsumptionF he vlues otined during experimenttion show tht the onsumption of linerd REport qigit ethernet @IHHA is pproximtely one fourth the onsumption of the glol se system @RQHAF Energy minimization. sn QD the uthors model this prolem s n integer liner progrmF he ojetive funtion is weighted sum of the numer of pltforms nd interfesF hey show how muh energy n e sved on di'erent networks with this modelF roweverD they do not give intuitionsD explntionsD nor formuls for their resultsF sn IPD the uthors propose rerouting t di'erent lyers in sEoverEhw networks for energy svings while IV study the impt of the tehnology for energy e0ient routingF sn ISD IID SD reserhers proposed tehniques suh s putting idle suomponents @line rdsD portsD etFA to sleepD s well s dpting the rte for forwrding pkets depending on the tr0 in lol re networksF sn TD the uthors propose modultion of the rdio on(gurtions in (xed rodnd wireless networks to redue the power onsumptionF e prove in this pper tht there is no polynomilEtime onstntEftor pproximtion lgorithm for this prolemD even for spei( instnesF e give lso theoretil results out the ine0ieny of greedy nd proilisti lgorithmsF o the est of our knowledgeD we re presenting in this pper the (rst study of energyEe0ient routing solutions on spei( topologiesF e link the proposed theoretil ounds with generl networksF pinllyD we study the impt of suh solutions on route length nd fult tolerneF he reminder of the pper is orgnized s followsF sn etion PD we (rst present formlly the prolem nd we model it s n integer liner progrmF sn etion QD we rell the omplexity of relted prolems nd we prove tht the prolem nnot e pproximted within onstnt ftorF sn etion RD we design heuristi lgorithms nd we prove lso negtive results out greedy nd proilisti heuristi lgorithmsF por our purposeD we study simpli(ed network rhiteture in whih link (A, B) onnets two routers A nd B through P network interfesD one for A nd one for BF he degree of node in the grph orresponds to the numer of network interfes on the routerF sf network interfe is turnedEo'D then the other interfe t the extremity of the link is not useful nymore nd n lso e turnedEo'F hereforeD the ojetive of our prolem is to minimize the numer of tive links in the networkF pormllyX Denition 2.2. Given an undirected weighted graph G = (V, E) and a set of demands D, the Minimum Edges Routing Problem consists in nding a minimum cardinality subset E * ⊆ E such that there is a valid routing of the demands D in G * = (V, E * ).

sn etion PFID we present some simple instnes of the Minimum Edges Routing Problem nd the orresponding solutionsF sn etion PFPD we desrie liner progrm for our prolemF

Examples

gonsider the grph G = (V, E) depited in pigure I omposed of 14 nodes nd 15 edgesF sntegers on edges represent the di'erent pitiesF sn pigure ID there re two demnds D s1t1 = 10 nd D s2t2 = 10F feuse of the seond demndD there is no fesile routingF sndeed node s 2 hs two djent edges of pities 8 nd 9D nd so it is impossile to route demnd of 10 units through one of these edgesF sn our prolemD demnd n not e divided into suEdemndsF he solution of the Routing Problem for this instne is 9no9D nd so there is no solution for the Minimum Edges Routing Problem euse the whole grph is not su0ientF sn pigure P@AD there re two demnds G is omposed of 4 edgesD for i ∈ {1, 2}F sndeed these two shortest pths re edgeEdisjoint wheresD in the optiml routingD the two pths shre 3 edgesF his simple exmple shows tht the shortest pths routing does not give the optiml solutionF sn pigure P@AD there re lso two demnds ut the mount of demnd from s 1 to t 1 is now equl to 12F his inrese onsiderly hnges the optiml solution E * F sndeed the demnd D s1t1 must e routed through the shortest pth omposed of 4 edges euse of the edge of pity 11F hus E * is omposed of the two previous edgeEdisjoint shortest pths of length 4F e get |E * | = 8F sn pigure Q@A nd Q@AD we hve the demnds of the seond exmple plus D s3t3 = 2F feuse of the three edges of pity 16D only two demnds n shre these 3 edgesF wo optiml solutions re depited in these (guresD eh one of ost |E * | = 9F sn these optiml solutionsD the 3 edges of pity 16 support the demnd D s3t3 nd one of the two demnds D s2t2 @for pigure Q@AA or D s1t1 @for pigure Q@AAF he other demnd is routed through the )ow prolem in whih the ojetive funtion is the minimiztion of the numer of edgesF e note f st uv the )ow on edge uv orresponding to the demnd D st )owing from u to vF e note f uv = st∈V ×V f st uv F por eh edge e ∈ ED we introdue inry vrile x e whih sys if the edge e is used or notX x e = 0 if

D s1t1 = 10 nd D s2t2 = 5F he solution E * for the Minimum Edges Routing Problem is omposed of |E * | = 7 edgesF xote tht the pth from s i to t i in G * = (V, E * )
f uv + f vu = 0 nd x e = 1 if f uv + f vu > 0F he Objective function is then min e∈E x e sujet toX Flow constraintsX ∀(s, t) ∈ V × V D ∀u ∈ V D v∈N (u) f st vu - v∈N (u) f st uv =    -D st if u = s, D st if u = t, 0 otherwise. Capacity constraintsX ∀e = (u, v) ∈ E, d∈D f d uv + f d vu ≤ x e c e .
he )ow onstrints re usul )ow onservtionF he pity onstrints stte tht for eh edge e ∈ ED the totl mount of demnds through e does not exeed the pity c e F le I summrizes the nottions used throughout the pperF RR n°7234 D siti = 2cF prom u to vD there re 2 disjoint pths omposed of 2 edges eh nd |D| disjoint pths of x > k|E| edges ehF feuse of the kEpproximtionD if there is solution using no long pthsD then our polynomilEtime lgorithm returns neessrily suh solutionF ytherwise it returns solution with edges elonging to these pthsF xote tht the prolem of (nding if there exists prtition of requests into two sets of sme weight c is n xEomplete prolem @Partition ProblemAF yur polynomilEtime pproximtion lgorithm would thus solve itD ontrditionD unless P = N P F hese two negtive results motivte the design of heuristi lgorithms for the Minimum Edges Routing Problem in etion R nd the study of theoretil ounds for prtiulr instnes in etion S tht give informtion for generl networksF 4 Heuristics es we hve seen in the previous setionD the Minimum Edges Routing Problem is prolem di0ult to solve extly nd is even di0ult to pproximte to n insured ftor in generlF reneD the neessity of proposing good heuristi lgorithms for lssil rel network topologiesF e propose in this setion two heuristis to (nd energyEe0ient routingD nmely Less Loaded Edge Heuristic nd Random HeuristicF hese heuristis re tested in etion UF e lso disuss the e0ieny of greedy nd rndom heuristis on the Minimum Edges Routing ProblemF 4.1 Heuristics elgorithm I presents simple heuristi nmed Less Loaded Edge Heuristic for our prolemF e strt from the whole networkD ompute fesile routing s desried in elgorithm P nd try to remove in priority edges tht re less lodedF e elieve tht it is etter to remove these edges tht re not involved in mny shortest pths thn overloded edgesF por the routingD the demnds re onsidered one y one in rndom orderF e ompute shortest pth for the demnd with the metri ce re on edges is omputedD where r e is the residul pity on edge e when the previous demnds hve een routedF henD the residul pity is updted for eh edge nd the next demnd is onsideredF his routing llows etter lod lning of the demnds in the networkF xote tht (nding fesile routing n lso e done with n integer liner progrm for the Routing Problem INRIA inria-00464318, version 2 -29 Jul 2010 for smll topologiesF ih time n edge is removed in the networkD fesile routing is omputedF sf no routing existsD then the removed edge is put k nd we try to remove nother edge tht hs not een yet onsideredF he proess of removing less loded edges is done until no more edges n e removedF he seond heuristiD Random HeuristicD is used s mesure of omprison during the simultionsF he only di'erene with the (rst one is tht it selets uniformly t rndom the links to e removed nd not @neessrilyA the less loded edgesF he routing is performed in the sme wy s for Less Loaded Edge HeuristicF Order of the execution time. e ound n e esily derived y onsidering the drwing prolem ut with replementF he proility to drw n edge of the solution is lrger thn

1 -(1 - |E * | |E| ) µ|E| hen |E| is lrgeD we hve ≈ 1 -e -µ|E * | .
reneD (nding the optiml solution y removing edges uniformly t rndom my e expoE nentilly longF hen the numer of verties is lrgeD the time of exeution of the rndom heuristi my e very lrgeF sndeedD exp(-.5 × 50) = 1.4 10 -11 F ens of illions of trils would e neessry to (nd the optiml solution for grph with only one optiml solutionF 4.3 Shortest Paths Routings and Greedy Algorithms sn this setion we show tht greedy lgorithms sed on shortest pths or minimum dded edges t eh stepD my return solution whose rdinlity is ritrrily lrge ompred to the optiml numer |E * |F purthermoreD even if we hve the est order tht minimizes the totl numer of edges used when routingD the qulity of the solution my e very d ompred to the optiml oneF Denition 4.1. Given an undirected weighted graph G = (V, E) and a set of demands D, E SP ⊆ E is a minimum cardinality set such that there is a valid routing of the demands D in G SP = (V, E SP ) and such that each demand is routed through a shortest path of G. elthough n llEtoEll routing is not relisti senrioD it llows to study the e'ets of suh routing in extreme onditions nd lso to keep the network onnetedF ith suh senrioD we n ertify tht the topology given y our lgorithm will e suitle for more relisti tr0 mtriesF henD for eh topologyD we look t the numer of links tht n e spred for di'erent pityGdemnd rtios λF A toy example. es n illustrtionD pigure U shows n optiml solution H given y the integer liner progrm desried in etion PFP for the omplete grph G omposed of 5 nodes when the pityGdemnd rtio λ vries from 2 to 8F hen λ equls 2D ll the edges of G re needed to perform n llEtoEll routing with κ = 1F he lrger the rtio isD the
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Minimizing Routing Energy Consumption IS fewer network interfes re needed until we reh the str grph where no more network interfes n e removedF he two extreme ses re the omplete grph @λ = 2A nd the tree @λ = 8AF he gin in terms of network interfes n reh 60%D indeedD only 4 edges @or 8 network interfesA re needed insted of 10 @or 20AF e lso mesure the impt of this energyEe0ient routing on dely nd filure protetionX for eh di'erent λD we give the average route lengthD lH (D)D given y fesile routing of the llEtoEll demnds on the solution sugrph HD nd the average number of edge-disjoint paths linking two nodesD DP H (D)F e see thtD for this simple exmpleD the route length inreses y TH7 nd tht the numer of disjoint pths drops from R to I etween the two extreme sesF xote tht n orthogonl wy to ondut the study is to (x the numer of network interfesGedges to e turnedEon nd to ompute the load of the networkD tht is the minimum pity needed to e le to stisfy the llEtoEll routingX Denition 5.2 @vod of qrphA. Let G = (V, E) be an undirected weighted graph and D the set of demands. The load of G is the minimum over all routings (feasible ows F) of the maximum load over all edges:

min f ∈F max e∈E f e .

General Bounds

Path length lower bounds. he glol pity of the system hs to e lrger thn the glol demndF he glol )ow is minimum when ll demnds re following the shortest pths etween their soure nd destintionF e note d(s, t) the length of shortest pth etween soure s nd destintion tF reneD we hve a) The load of a tree composed of n nodes is 2κv(n -v), where v is the size of the larger branch incident to the tree centroid.

b) In a graph with n nodes and of maximum degree δ max , the load of a spanning tree is at F rene 2v(e)(n -v(e)) ≤ 2v(e * )(n -v(e * ))D s the funtion x(n -x) is inresing for 0 ≤ x ≤ n 2 F por the sme resonsD the lod of the tree is the lod of the edge of the entroid @if the entroid is n edgeA or inident to the entroid in the lrger rnhF b) e hve just shown tht the lod of tree is the lod of the edge entroid or inident to the entroid in the lrger rnhF he lod is then minimum for tree with minimum lrger rnhF sn grph of mximum degree δ max D the lrger rnh is of size t lest n-1 δmax F reneD the lod of spnning tree is t lest 2κ n-1 δmax (n -n-1 δmax )F

least 2κ n -1 δ max n - n -1 δ max . Proof. a)
xote tht the lod of @spnningA tree mostly depends on the mximum node degree of the underlying grphF yn omplete grph where δ max = n -1D the tree with the lowest lod is str nd its lod is 2κ(n -1)D to e ompred with the lod of pth κ n 2 2 D for whih δ max = 2F reneD networks with nodes of lrge degrees tend to ttin the minimum on(gurtion for smllest pitiesD see etion UF

Complete Graph -Bound on the Number of Spared Edges

e onsider here the omplete grph K n omposed of n nodes nd n(n -1)/2 edgesF his topology is the second extreme case @ll possile edgesA of our prolemF st orresponds to the design problem of (nding the est network stisfying the lod when ll possile edges etween nodes n e usedF he llEtoEll routing is possile on the omplete grph s soon s the pityGdemnd rtio λ is lrger thn PF e lso hve seen in the previous setion tht when λ is lrger thn 2(n -1) the routing is possile on the str with only n -1 edgesD orresponding to the smll frtion 2/n of the totl numer of edges of the omplete grphF fut wht hppens etween these two pitiesc Lemma 5.2. In a complete graph with n vertices, the all-to-all routing uses at least max 2κn(n -1) c + 2 , n -1 edges, with c the capacity of the edges.

Proof. hen ll the edges hve the sme pity c nd for llEtoEll demndsD

|E * |c ≥ κ i,j∈V ×V d(i, j),
where d(i, j) is the shortest pth distne etween i nd jF xote tht i,j∈V ×V d(i, j) is given s losed formul y twie the iener sndex PIF sn omplete grphD ll the pths hve length oneF sf we remove the edge ijD we know tht two pths @from i to j nd from j to iA re now of length t lest PF reneD for n optiml 

|E * |c ≥ κ ij∈V ×V d(i, j) ≥ 2κ|E * | + 2κ(n(n -1) -2|E * |).
he oundD holding for ny topologyD gives

|E * | ≥ 2κn(n -1) c + 2 .
e vlidte in pigure V the results of the integer liner progrm desried in etion PFP given y CPLEX IH for the omplete grph with S nodesF he (gure shows tht the lower ound given in vemm SFP is lose to the optiml solutionF he pityGdemnd rtio λ vries etween 2 nd 8 s stted eforeF por λ = 4D gin of 30% of networks interfes is ttinedD leding to U tive links insted of IHF 6 Results on the Square Grid efter providing some ounds on extreme sesD suh s trees or omplete grphsD we onsider in this setion Minimum Edges Routing Problem on the squre grid whih is n exmple of strutured network studiedD eFgFD in the ontext of wireless mesh networks PF e give the lod of the est spnning tree nd of the full grid when ll the edges re present in etion TFIF e then propose ounds nd onstrutions for intermedite lods in etion TFPF vstD we ompre the proposed onstrutions with the solutions given y the integer liner progrm nd the heuristis Less Loaded Edge Heuristic nd Random HeuristicF
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Minimizing Routing Energy Consumption IW pigure WX rtition of the grid into R onneted susets of lmost equl sizesF veftX 3 × 3 gridD widdleX 4 × 4 gridD ightX sndution step of vemm TFIF 6.1 Limit Congurations e (rst look t the lod of the two limit on(gurtions with minimum nd mximum numer of edgesD nmely spnning trees nd full gridsF xote tht in the followingD for ske of simpliityD results re presented for κ = 1F 6.1.1 Spanning Tree he lod of the est @epting the lrgest volume of demndsA spnning tree is given y the following lemmF Lemma 6.1 @qrid pnning reeA. The tree with the smallest load on a a × a square grid (a ≥ 3), is a tree with a centroid of degree 4 and 4 branches of almost equal sizes. Its load is

2 a 2 -1 4 a 2 - a 2 -1 4 ≈ 3a 4 8 .
Proof. sn ny a × a squre gridD it is possile to prtition the verties into entrl node C nd R onneted susets of sizes a 2 -1 4 nd a 2 -1 4 F he proof is done y indutionF he indution hypothesis H a isX he prtition P = {P 1 , P 2 , P 3 , P 4 } exists for n a × a grid nd prt i of the prtition is djent to side i of the squreF st is true for the 3 × 3 grid nd the 4 × 4 gridD see pigure WF e prove tht H a implies H a+2 y onneting the side i of the squre to one of the verties of prt P i tht is on side iF reneD there exists spnning tree of entroid CD with four rnh nd whose lrgest rnh is of size

a 2 -1 4 F sts lod is then 2 a 2 -1 4 a 2 -a 2 -1 4 nd is mximumD s stted in vemm SFIF RR n°7234
inria-00464318, version 2 -29 Jul 2010 6.1.2 Full grid he mximum volume of demnds tht n e routed on squre grid is given y ut rgument in the following lemmF Lemma 6.2 @vod on a × a gridA. The edge load on a grid is larger than, for a even,

a 3 2 ,
and, for a odd,

a 3 2 1 - 1 a + 1 a 2 - 1 a 3 .
Proof. prom the seond generl lower ound rgumentD with ut in the middle of the gridF e divide the grid into two lmost equl susetsF sf a evenD we hve a 2 2 nodes in S nd in SF e hve a edges in the utF husD we hve

ac ≥ 2 a 2 2 a 2 2 D giving c ≥ a 3 2 F sf a oddD we hve a 2 2 nodes in S nd a 2 2 + 1 in SF fut we hve here a + 1 edges in the utF reneD (a + 1)c ≥ 2 a 2 2 ( a 2 2 + 1) = 2 a 2 -1 2 ( a 2 -1 2 + 1) = (a 2 +1)(a 2 -1) 2 F st gives c ≥ (a+1)(a-1)(a 2 +1) 2(a+1) = a 3 2 (1 -1 a + 1 a 2 -1 a 3 )F

Intermediate congurations.

e hve lredy got the lod of the two extremes sesX the full grid @when we hve 2n-2 √ n edgesA nd spnning tree @when we hve n-1 edgesAF e know tht the lod spns etween two di'erent orders from n 3/2 to n 2 F row the lod evolves etween these two vluesc e give ound on the lod sed on the omputtions of the shortest pths t the end of the setionF fut (rstD we present onstrutions of sugrphs spnning etween these two ordersF pigure IIX roof of vemm TFQF e grid with S edges removedX the edges re removed in olumn @rwA strting from position 1F he shortest pth etween nodes e nd f inreses y P @lue pthAF Load of the edges inside the regions L region . here re t most 4L grid enteringGleving nodeF hese demnds hve to e routed through the regionF he spnning tree of region n e onstruted in wy tht the @t mostA R edges of the grid re onneted y R rnhes to node ot the region with degree RF reneD it is possile to route this demnd with pity of L grid F sn dditionD demnds hve to e routed etween nodes inside the regionF his orreE sponds to n llEtoEll routing in tree of size n p F en dditionl pity of ≈ 3 8 n 2 is neededF sn summryD we get

L region ≤ 1 2 n 2 √ p + 3 8 n 2 F

Lower Bound

e give here ound on the lod sed on the omputtions of the shortest pthsF Lemma 6.3. Let G be an a × a square grid. The load of a subgraph of G with k edges is at least Proof. he sum of the shortest pth lengths for full grid is diretly otined from the the iener index PID PH of gridF e multiply it y twoD sD in our seD we hve n llEtoEll demndD tht is we hve oth pth (u, v) nd pth (v, u)F e get 2a 3 (a 2 -1) 3 F hen you remove n edge from the gridD ll the shortest pths tht were using this edge re inresed y P unitsD see pigure IIF por n edge t position iD there re t lest 2i(a -i) suh pths on the olumn @or rwA of the edgeF st is minimum when i = 1 nd equl to 2(a -1)F o otin lower ound on the lodD we hve to tke sequene of edge removl tht minimizes the inrese of the sum of the shortest pthsF st is minimum to remove edges of olumn @rwA with missing edgesF he seond edge removl inreses t lest 2(a -2) pthsD nd more generlly the ith removl inreses 2(a -i) pthsF sn totlD t lest a(a -1) pths re inresed when whole olumn @rwA hs een removedF sn sugrph with k edgesD where |E| -k edges hve een removed from the originl grphD |E|-k a suh olumns @rwsA n e removedF st gives the term 2 |E|-k a a(a -1)F he remining edges re removed from the sme olumn @rwA giving the term 2

1 k 2a 3 (a 2 -1) 3 + |E|-k a 2a(a -1) +4 |E|-k- |E|-k a (a-1) i=1 (a -i) INRIA
|E|-k- |E|-k a (a-1) i=1 (2a- 2i)F

Results

e present results for the 4 × 4 grid @vD lower oundD onstrution nd heuristisA nd for 10 × 10 grid @lower oundD onstrution nd heuristisAD see pigure IP nd IQF Bound using Minimum Cut. Order given by Construction Spared Network Interfaces (in %)

Less Loaded Edge Heuristic

Random Heuristic

Capacity/Demand ratio λ Bound using Minimum Cut pigure IQX erentge of spred network interfes for 10 × 10 gridF to the omplete grphD tht this ound is not very tightF he explntion is tht edges in the squre grid re not ll equivlentX the edges in the middle of the grid hve lrger lod thn those on the orders with shortest pth routingF he lod n e omputed y looking t the minimum cut of the network s explined in vemm TFPF he ut omposed y the a horizontl edges in the middle of the grid gives c ≥ a 3 2 F por the 4 × 4 gridD we n hek tht the lod indued y the routing is greter thn 4 3 /2 = 32F his ut phenomen lso explins tht s soon s the routing is possile @for λ = 32AD some edges n e spred @round V7AX the middle edges re fully lodedD ut not the edges on the ordersF he sme ut phenomens re present for some xhvi topologies studied in the next setionF Order given by construction. his orderD given y glim TFPFID is depited on pigure IP nd IQF e see tht it is very lose @only few perentA to the optiml solution given y the integer liner progrm nd lrgely etter thn the ound using minimum utF por the grid 10 × 10D we were not le to lunh the integer liner progrmD nd we see tht Less Loaded Edge Heuristic ehves well ompred to this orderF How many network interfaces can be spared? por vlues of λ lrger thn 32D lrge numer of edges n e sved t the eginningX for the 4×4 gridD PS7 for n overprovisioning ftor of IFS @λ = 48A nd QQ7 for ftor of P @λ = 64AF he svings eome less importnt for lrger pitiesX only R perent di'erene etween pities of TR nd WTD nd the tree is ttined with n overprovisioning ftor of 3 @λ = 96AF por this vlue of λD we use a 2 -1 = 15 edgesD when the full grid hs 24 edgesD sving QUFS7 of edgesF Behavior of the heuristics. xote tht the heuristi @green ×A ehves well nd is lose to the optiml vlues given y the integer liner progrm @red +AF he heuristi is lso signi(ntly etter thn the Random le PX (a) qin of network interfes @in %A depending on the overprovisioning ftor nd (b) ivlution of the lod given y the ounds in previous setion with λ 1 the pE ityGdemnd rtio for overprovisioning ftor equls 1 nd λ tree for the treeF 10 × 10 gridD for pityGdemnd rtio of 1000D Less Loaded Edge Heuristic sves QW7 nd Random Heuristic only PV7F

7 Results on General Networks e present in this setion the results of our proposed heuristis on generl networksF e study ten lssil network topologies extrted from xhvi @http://sndlib.zib.deAF sn our experimentsD we explore how mny network interfes n e spred for di'erent rnges of overprovisioning ftorF e onsider rnge of pityGdemnd rtio λ strting from the smllest vlue λ 1 llowing to route ll the demnds @overprovisioning ftor equls IA to the vlue λ tree llowing to route on miniml sugrphD tht is spnning tree @overprovisioning ftor equls λ1

λtree AF e lso study the impt of this energyEe0ient routing on the route lengths nd on the network fault toleranceF o this endD we propose n integer liner progrm (nding spanners of the topology hving good streth nd two disjoint pths etween ll pirs of nodesF e ompre the numer of edges of these spnners with the one of the minimum sugrphsF 7.1 SNDLib Topologies e studied ten lssil rel network topologies extrted from xhvi @http://sndlib. zib.deAF hese networks orrespond to @AtlantaD see pigure IRAD iuropen @Nobel EUD Cost266AD or single ountry @Nobel Germany, FranceA topologiesF heir sizes spn from IS to SR nodes nd from PP to VW edgesD s summrized in le PF por these IH topologiesD we omputed energy e0ient routings for di'erent pityGdemnd rtios λF e ould only run the integer liner progrm for the smllest networkD AtlantaD for whih the results re presented in pigure ISF e see tht Less Loaded Edge Heuristic performs wellD RR n°7234 inria-00464318, version 2 -Jul 2010 pigure IRX Atlanta network with IS nodes nd PP edges ttining the optiml vlue most of the timeD when the Random heuristi needs lrger λ to ttin the sme vlueF es mtter of ft gvi lredy tkes severl hours on Atlanta to solve the prolem for one pityGdemnd rtioF e thus present the results found y the heuristi @whih tkes only tens of msA in les P nd QF Spared network interfaces. e give the perentge of spred network interfes in funtion of the overprovisioning ftor @OF A in le P @AF e ftor of I mens tht we use the minimum pityGdemnd rtio neessry to route ll the demnds @orresponding to the vlue λ 1 AD whenD eFgFD ftor of P mens tht we hve twie the vlue λ 1 F xote tht in most tody9s kone networks overprovisioning is hevily used s it is n e0ient nd esy wy to provide protetion ginst filureX links re often used etween QH nd SH 7 of their pityF pirstD note tht on some of the ten topologiesD s soon s the routing is fesile @OF = 1AD some network interfes n lredy e turned o' @12% for Norway nd Nobel EUAF es mtter of ftD in this seD the importnt edges of the network @the edges in the minimum ut for exmpleA re fully usedD ut t the sme time edges t the periphery re less used nd some n e spredF ith n overprovisioning ftor of twoD round one third of the edges n e spred @nd even SQ7 for the Pioro40 networkAF ith lrger ftors @Q or RAD the gin is not s importntD ut still some network interfes n e sved @eFgF QT7 for AtlantaAF e show in le P @AD in the P lst olumnsD the vlue of OF for whih the tree is ttined together with the orresponding spred network interfes in perentge @xiAF INRIA Capacity/Demand ratio λ Spared Network Interfaces (in %) pigure ISX erentge of spred network interfes for the Atlanta networkF he vlues re diretly linked to the density of the networkF por exmpleD Norway needs ftor of 4.71 @λ tree = 4.71 × λ 1 A to reh the tree with 26 links @insted of 51AD spring 49% edgesF reneD the lrger the densityD the more the network interfes tht n e turned o'F o onludeD for ll the studied networks between one third and one half of the network interfaces can be spared for usual overprovisioning factorsF purthermoreD when the est routE ing nnot e found y the integer liner progrm @lrge topologiesAD the proposed heuristic found close to optimal solutionsF Limit Congurations.

Full Network Topology e report in le P @A the minimum pityGdemnd rtio λ 1 for whih the heuristi n perform n llEtoEll routingF es explined in etion SFPD λ 1 depends on the minimum ut of the networkF e reported for eh network the minimum isetion ut dividing the network into two @lmostA equlEsized regionsF e omputed this minimum isetion ut with n integer liner progrmF he ound on λ 1 implied y the ut is given in the seond olumn of the tleF e see tht it gives very good indition of λ 1 for most of the networksD even if the vlue is not tightD s the heuristi does not lwys (nd the optiml solutionF por exmpleD we see tht the ound is tight for AtlantaD where the minimum ut is of size 3 nd splits the network in two suEnetworks of sizes V nd UF por AtlantaD nd Nobel EUD the pityGdemnd rtios evluted y the minimum ut ound is equl to the vlues given during the simultions @λ 1 = 38 for Atlanta nd 131 for Nobel EUAF Spanning Trees es explined in etion S @vemm SFIAD the rtio λ tree D for whih we get spnning treeD depends on the network node degreeF yn the ontrry to regulr networkD suh s the gridD the existene of spnning tree entered on the node of mximum degree with equlEsized rnh is not givenF reneD the ounds given in le P @A re not tightF RR n°7234 le QX smpt of the energyEe0ient routing on @A the route length @everge multiplitive streth ftorA nd on @A the network fult tolerne @verge numer of disjoint pthsAF xeverthelessD we see tht the node degree still is good indition on wht n e hieved on these networksF qrphs with low mximum degree ttin the est on(gurtion for lower vlues of pityGdemnd rtio λ tree F por exmpleD the network Atlanta hs mximum node degree of R @the ound is VVA nd λ tree is IHID when for Zib54 λ tree is IQVS for mximum degree of IH @the ound is SUTAF 7.2 Impact on the Network e elieve tht network opertors will implement energy e0ient routing only if the impt on other prmeters is limitedF e disuss here the impt on the route lengths nd on the fult tolerne of our proposed heuristiF Impact on the route lengths. hen turningEo' some omponents in networkD we sve some energy utD t the sme timeD we route on longer pthsF he multiplicative stretch is de(ned s the rtio etween the verge route length in the new routing divided y the verge route length with the old routing @using ll the edgesAF esults for the xhvi topologies re given in le Q @AF e streth of one orrespond to the ses where no edge ould e spred nd thus the routing is not 'etedF e see thtD s expetedD the generl trend is tht when the overprovisioning ftor inresesD the pths eome longerF xevertheless we see tht the impt on the route lengths is limitedF iFgFD for the topology Zib54D the inrese is II7 for the extreme se when routing on tree @for QR7 of turnedEo' network interfesAF sn generlD the inrese for this extreme se spns from II7 to SH7D nd in verge PU7F por the network with the lrger imptD Giul39D Discussion on Technology. hen there is filure etween two nodesD it my e neessry to turn on some network interfes to ompute new routing for some demndsF reneD this study show tht the use of suh energy e0ient solutions is onditioned y the existene of technologies allowing a quick switching on of network interfacesF xetwork interfes ompnies re urrently working on designing this kind of interfes IF e propose in the following setion solution for the routing with fultEtolernt spnnersD suh tht there re two disjoint pths per demndF hereforeD the impt of links filures on the network will e redued euse protetion pth with enough pity will e villeF 7.3 Fault tolerant spanners huring the simultionsD we show tht s soon s some network interfes re spredD the verge numer of disjoint pths fil drmtillyF hereforeD the network fult tolerne is no longer ssuredD s ny filure will imply the reEomputtion of the routing strutureF es the network tolerne is of mjor importneD we show in this susetion how to (nd fult tolernt spnner whih hs t lest γ disjoint pths for eh demnd nd whih respets dditive nd multiplitive onstrints for the strethF e show in the following tht this struture is relted to the (α, β)-spnners IUF en (α, β)-spnner of grph G = (V, E) is sugrph H = (V (H) ⊆ V, E(H) ⊆ E) of G suh tht ∀(u, v) ∈ V ×V, d H (u, v) ≤ αd G (u, v)+β in whih |E(H)| is minimizedF his gurntees tht the distnes of ny ouple of verties in the spnner is strehed y multiplitive nd dditive ftors α nd βD idelly lose to 1 nd 0F his prolem n e modeled s previously seenD with multiommodity integral )ow prolem in whih the ojetive funtion is the minimiztion of the numer of edgesF he demnds D st re equl to γ etween every pir of verties (s, t) ∈ V × V F es the utiliztion onstrint imposes only unitry )ow per edge nd per demndD γ disjoint pths will e setF pinllyD the distne onstrint limits the mximum route length tht n e epted per demndF xote tht this onstrint is given in glol mnner for ll the γ disjoint pthsF his spnner provides gin of 13.64% of the numer of network interfesF le R shows the results of the integer liner progrm for AtlantaD New YorkD Nobel Germany nd FranceF he numer of disjoint pths per demnd γ = 2F es the progrm tkes severl hours to e lunhed on lrge topologiesD we set limit of I hourD nd gp from the optiml solution of 3% for the integer liner progrmF he results show tht for AtlantaD 23% of network interfes n still e spredF he spnner needs n overprovisionning ftor of 1.92 nd n verge streth of 1.42 is ttinedF por AtlantaD the integer liner progrm ws not le to (nd (1, 1)D (1, 2) nd (2, 0) fult tolernt spnnersF his is minly due to topology onstrints where 2 disjoint pths with suh distne onstrints nnot e foundF xote tht we ompute the verge streth y the omprison with fultEtolernt spnners with two disjoint pths per demndD without the distne onstrintD nd with the ojetive of minimiztion of (s,t)∈V ×V,(u,v)∈E f st uv F o onlude this setionD fultEtolernt spnners re interesting solutions to hieve power onsumption redution while tking into ount network fult tolerne nd distne onE strintsF 8 Conclusion and Perspectives sn this workD we present through simpli(ed rhiteture the prolem of minimizing power onsumption in networksF e show nonEpproximtion resultsF he simultions on rel topologies show tht the gin in energy is signi(nt when some network interfes n e turnedEo'F At least one third of the network interfaces can be spared for usual range of demands.

por mediumEsized kone networkD this leds to reduction of power consumption of pproximtely 33wh per yer @for Cost266 with 37% of spred interfesAF por this estimtionD we onsider senrio where the turnedEo' interfes of our simpli(ed rhiteture re REport q ithernet linerdsF e elieve it orresponds to reE sonle pity for kone networksF e use the onsumption vlues given in QX 100 for these linerdsF he route lengths inreseD ut not too muhX in verge PU7 for lmost ll studied topologiesF Fault tolerance n e hieved with the use of fast switching-on technologies or y dding disjoint path constraints to the prolem so tht the network remins γE onnetedD llowing tolerne of γ -1 filuresF INRIA

  henD spei( topologiesD suh s trees or omplete grphsD re disussed in etion SD nd grids in etion TF e show the good performne of our proposed heuristi in terms of power onsumpE tion in etion UD nd we show the impt of suh energyEe0ient solutions on route lengths nd network fult tolerneF e lso propose the onstrution of fultEtolernt spnnersF pinllyD we disussed of the impt of suh lgorithms for network opertors in eE tion redue the network power onsumption onsists in minimizing the numer of turnedEon network equipmentsF e model network topology s n undireted weighted grph G = (V, E)D where the weight c e represents the pity of edge e ∈ EF e represent the set of demnds y D = {D st > 0; (s, t) ∈ V × V, s = t}D where D st denotes the mount of demnd from s to tF e demnd D st hs to e routed through n elementry pth from node s ∈ V to t ∈ V F e vlid routing of the demnds is n ssignment of suh pth in G for eh D st ∈ D suh tht for eh edge e ∈ ED the totl mount of demnds through e does not exeed the pity c e F e lssil deision prolem is to determine if there is suh routing of the demnds in GF pormllyX Denition 2.1. Given an undirected weighted graph G = (V, E) and a set of demands D,the Routing Problem consists in deciding if there is a valid routing of the demands D in G.

Algorithm 1

 1 Less Loaded Edge Heuristic Require: en undireted weighted grph G = (V, E) where eh edge e ∈ E hs n initil pity c e nd residul pity r e @depending on the demnds supported on eAF e set of demnds DD eh demnd hs volume of tr0 D st F ∀e ∈ E, r e = c e gompute fesile routing of the demnds with elgorithm P while idges n e removed do emove the edge e tht hs not een hosen oneD with the smllest vlue c(e ) r(e ) F gompute fesile routing with elgorithm P sf no fesile routing existsD then put k e in G end while return the sugrph GF Algorithm 2 pesile routing reuristi for Routing Problem Require: en undireted weighted grph G = (V, E) where eh edge e ∈ E hs n initil pity c e nd residul pity r e @depending on the demnds supported on eAF e set of demnds DD eh demnd hs volume of tr0 D st F ort the demnds in rndom order while D st is demnd in D with no routing ssigned do gompute shortest pth SP st with the metri ce re on edges essign the routing SP st to the demnd D s,t ∀e ∈ SP st , r e = c e -D st end while return the routing @if it existsA ssigned to the demnds in DF hese heuristis re evluted through simultions in etion TFQ nd U nd ompred to the theoretil ounds given in etion S nd to the integer liner progrm desried in etion PFP RR n°7234 inria-00464318, version 2 -29 Jul 2010 4.2 Note on the execution time of Random Heuristic gonsider n undireted weighted grph G = (V, E)D set of demnds DD nd unique optiml solution E * for the Minimum Edges Routing ProblemF hen you hve drwn perentge µ of edges of G nd when the routing is still fesile fter these edges removlsD the proility of hving removed n edge of the optiml solution is given y 1 -|E|-|E * | µ|E| |E| µ|E| . por exmpleD if |E| = 100 nd |E * | = 20D then the proility to remove SH edges without removing one edge of the solution is smller thn 8.8 10 -8 F he numer of rndom trils to (nd the optiml solution is then prohiitive for lrge networksF

  4C 5-2C D we get the inequlityF purthermore if the numer |D| of demnds is (xedD we n modify G s followsX we reple the pth of 4 edges from u to v y pth of x + 1 edgesD eh of in(nite pityY we reple the |D| disjoint pths of 3 edges eh from u to v y |D| disjoint pths of x edgesD eh of pity 1F e get |E SP | = |D|(2 + x) nd |E * | = 2|D| + x + 1F king x > 2|D|(C-1)+1 |D|-C D we get the inequlityF gonsider the instne of the Minimum Edges Routing Problem desried in proof of vemm RFI omposed of |D| demnds D s1t1 , . . . , D s |D| t |D| F gonsider ny order of these demnds mong the |D|!F prom vemm RFID we dedue tht if we route the demnds greedily ording to this orderD through shortest pthD then we get routing tht uses 5|D| wheres |E * | = 2|D| + 4F sn other wordsD even if we hve the est order to route greedily the demndsD the numer of edges my e ritrrily lrge ompred to the minimum numerF purthermoreD if we route the demnds greedily hoosingD t eh stepD pth tht minimizes the numer of dded edgesD then we get lso 5|D| edges for ny orderF sn onlusion simple greedy lgorithms my return solution whose rdinlity is rE itrrily lrge ompred to the optiml numer |E * |F iven if we hve the est orderD the qulity of the solution my e very d ompred to the optiml oneF feuse of previous negtive resultsD we study in etion S the Minimum Edges Routing Problem for spei( oy exmpleD study of the omplete grph with 5 vertiesX sugrphs with the minimum numer of edgesD with λ the pityGdemnd rtioD lH (D) verge route length nd DP H (D) the verge numer of edgeEdisjoint pths etween two nodes where D ontins the llEtoEll demndsF 5 Topology Study: extreme cases e present here the generl frmework of the studies of the rest of this pperF e then study two extreme ses for generl networksD nmely trees nd omplete grphsF hey give us the limit ehvior of the rel networks for di'erent network lodsF e lso derive n upper ound on the numer of links tht n e spred in funtion of the demndsF 5.1 Our Framework sn generl networksD the demnds vry during the life of the networksD eFgF with the inrese of the numer of usersD with the development of new tehnologiesD orD more simplyD ording to the time of the dyF he gol of the study in this setion is to see how muh energy n e spred depending on the resoures ville for the routingF qiven n undireted weighted grph G = (V, E) representing networkD eh edge e ∈ E hs the sme mount of pity c e = cF e perform n llEtoEll routing with demnds of volumeD ∀(s, t) ∈ V × V, D st = κF Denition 5.1. The capacity/demand ratio λ expresses the relation between the demand and the edge capacity: λ = c/κ.

  t)D st . sn prtiulrD when ll the edges hve the sme pity c nd ll the ouples of nodes hve the sme demnd κD it eomes Max ow min cut lower bounds. e present here generlized mx )ow min ut rgumentF por eh suset S ⊆ V D we must hve e=uv∈E;u∈S,v∈ S c e ≥ s∈S,t∈ S D st + s∈S,t∈ S D ts , RR n°7234 inria-00464318, version 2 -29 Jul 2010 where S = V \ SF sn prtiulrD when ll the edges hve the sme pity c nd ll the ouples of nodes hve the sme demnd κD it eomes c|E S S | ≥ 2κ|S|| S|, where |E S S | the numer of edges of the ut etween S nd SF he lod of grph n thus e omputed y looking t the minimum cut of the network tht supports the mximum )owFMinimum bisection cut. e prtiulr exmple of ut is the minimum bisection cut denoted E S S F he minimum isetion ut is the minimum ut tht divides the network into two @lmostA equlEsized regions S nd SX |S| = n 2 nd | S| = n 2 F he set of edges orreE sponding to the minimum isetion ut will support the demnds exhnged etween the nodes of the two regionsF his gives minimum vlue for the lod of the grph whih is for most prtil networks good pproximtion of the rel lod s shown in etion UF sn grph with n vertiesD with minimum isetion ut E S S D the lod of the grph in se of llEtoEll demnd is t lestX 2κ |E of the Minimal Subgraph: a Spanning Tree sn the undireted seD the sugrph with the minimum numer of edges is treeD s it is the smllest onneted sugrphD see eFgF pigure UF his miniml on(gurtion n e ttined when the pity is lrger thn the lod given in vemm SFIF Lemma 5.1.[Tree and Spanning Tree] 

  ratio λ Spared Network Interfaces %) pigure VX xumer of spred edges on the omplete grph with S nodesF found of vemm SFP nd integer liner progrm desried in etion PFPF sugrph with |E * | edgesD we hve t most 2|E * | pths of length ID nd 2(n(n -1) -2|E * |) pths of length t lest twoF his gives

  of spred network interfes for 4 × 4 gridF

  yn pigure IPD we give result for the 4 × 4 gridF e hve plotted the pth length ound of vemm SFP @mgent -AF e see thtD on the

  QIpigure ITX e (1, 3)-spnner for Atlanta with P disjoint pths for eh demnd representedin full linesF Flow constraintsX ∀(s, t) ∈ V × V D ∀u ∈ V D v∈N (u) Utilization constraintX∀(s, t) ∈ V × V D ∀e = (u, v) ∈ ED f st uv + f st vu ≤ x e Distance constraintX ∀(s, t) ∈ V × V D (u,v)∈E f st uv ≤ γ(αd G (s, t) + β).pigure IT shows (1, 3)-spnner with P disjoint pths @γ = 2A etween ny pir of vertiesF gonsider for exmple the distne d H (N 5, N 13) etween N 5 nd N 13F sn GD d G (N 5, N 13) = 2D nd in the spnner HD the two disjoint pthsD (N 5, N 0, N 6, N 13) nd RR n°7234 inria-00464318, version 2 -29 Jul 2010 (N 5, N 12, N 10, N 13) hve oth distnes 3F his respets the distne onstrintX (u,v)∈E(H) f N 5N 13 uv = 6 ≤ 2 × (1 × d G (N 5, N 13) + 3) = 10.

  

  is omposed of 5 edgesD wheres the shortest pth in
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(a) Ds 1 t 1 = 10, Ds 2 t 2 = 5 → the two routes of the optimal solution are not shortest paths.

(b) Ds 1 t 1 = 12, Ds 2 t 2 = 5 → the optimal solution corresponds to a shortest paths routing. pigure PX wo di'erent solutions for the Minimum Edges Routing Problem with lmost the sme set of demndsF

  Ds 1 t 1 and Ds 3 t 3 are routed through shortest paths.
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  Theorem 3.2. The Minimum Edges Routing Problem is not in APX even if each edge has a constant capacity c. Proof. uppose tht there is onstnt k ≥ 1D suh tht there exists polynomilEtime lgorithm (nding suset E k ⊆ E for the Minimum Edges Routing Problem ensuring tht |E k |/|E * | ≤ kF ell tht E * denotes n optiml solution of the Minimum Edges Routing ProblemF gonsider the undireted weighted grph G = (V, E) depited in pigE ure SF ih edge e ∈ E hs pity c e = cF he |D| demnds D s1t1 , D s2t2 , . . . , D s |D| t |D| re

		Minimizing Routing Energy Consumption	W
		3 Impossibility of Approximation P 1
		he Minimum Edges Routing Problem presented in this pper is speil se of G
		di'erent well known network optimiztion prolemsX minimum ost routing PPD minimum s 1 t 1
		onve )ow prolem IHD minimum )ow prolem with step ost funtions WF sn opertion reserhD this prolem n e seen s speil se of the Fixed charge transportation s 2 t 2
		problem IWD UD where the ost of the )ow unit on n edge is zeroF xote tht this prolem
	inria-00464318, version 2 -29 Jul 2010 inria-00464318, version 2 -29 Jul 2010	is xErrd IHX the numer of possile sugrphs to test is strongly exponentil for most grphsF woreoverD even for given sugrph @when the set of edges to e used is (xedAD the fesiility of multiommodity integrl )ow prolem hs to e ssessedF his simpler prolem orresponds to the Routing Problem nd it is known to e xEomplete even for two ommodities VF vstD note tht it is lso the worst se of stepEfuntions s most of the pproximtions y lineriztion re very fr from fesile solutionF e now prove tht the Minimum Edges Routing Problem is not in e @nd so it is n xEhrd prolemA even for two speil kinds of instnes @heorem QFI nd heorem QFPAF st mens tht there is no polynomilEtime onstntEftor pproximtion lgorithms for the Minimum Edges Routing ProblemD unless P = N P F Theorem 3.1. The Minimum Edges Routing Problem problem is not in APX even for two commodities. G = (V, E) xetwork topology with V the set of verties @or routersA nd E the set of edges @or linksAF D st olume of tr0 of the demnd from soure s ∈ V to destintion t ∈ V F sn setion SD ∀(s, t) ∈ V × V, D st = κF c e gpity of the edge e ∈ EF sn setion SD ∀e ∈ E, c e = cF λ gpityGhemnd rtio with c = λκF r e esidul pity of edge eF OF xetwork yverprovisionning ptorF OF = 1 mens tht the pities c e of the edges imply the fesiility of the routing of the demndsF f st uv plow on edge e = uv orresponding to the demnd D st F P 2 pigure RX gonstrution of G from G used in the proof of heorem QFIF u x edges x edges x edges v s |D| 1 s 2 s 3 s t |D| t 3 t 2 t 1 pigure SX qrph G = (V, E) used in the proof of heorem QFPF ih edge e ∈ E hs pity c e = cF Proof. vet G = (V, E) e n undireted weighted grphF gonsider the se of two ommodiE |D| ties D s1t1 > 0 nd D suh tht i=1
		x e lH (D)	finry vrile whih sys if edge e is used or notF everge pth length in the grph H given y fesile routing of the
			demnds in DF
		DP H (D)	everge disjoint pths in the grph H for the demnds in DF
		δ	hegree of vertie nd δ max is the mximum degree of the nodes in the
			grphF
		d G (i, j)	hortest pth distne etween node i nd j in grph GF he nottion
			d(i, j) n e used for shortutF
			le IX ummry of xottions
			INRIA

s2t2 > 0F e uild grph G = (V , E ) s followsX we strt with opy of GY we dd pth P 1 etween s 1 nd t 1 omposed of x > k|E| edges nd pth P 2 etween s 2 nd t 2 lso omposed of x > k|E| edgesF ih edge of P 1 nd P 2 hs n in(nite pityF e onsider the sme set of demndsF G is depited in pigure RF uppose now tht there is onstnt k ≥ 1D suh tht there exists polynomilEtime lgorithm (nding suset

E k ⊆ E ensuring tht |E k |/|E * | ≤

kD where E * is n optiml solution of the Minimum Edges Routing ProblemF e nme E k the solution found for G y this lgorithm nd we hve |E k |/|E * | ≤ kF sf |E k | ≥ xD then it mens tht there is no solution for the Routing Problem with GF es mtter of ftD suh solution would use t most the |E| edges of GD nd kEpproximtion would use less thn x edgesF sf |E k | < xD then it mens tht there is solution for this prolemF husD using this onstrutionD we get polynomilE time lgorithm solving the Routing Problem with GD tht is polynomilEtime lgorithm to deide if there is routing of the demnds D in G respeting the onstrints of pitiesF e ontrditionD unless P = N P F RR n°7234 inria-00464318, version 2 -29 Jul 2010

  vemm RFI proves tht E SP my give numer of edges |E SP | ritrrily lrge ompred to the numer of edges |E * | of n optiml solution E * of the Minimum Edges Routing ProblemF Lemma 4.1. For any C > 1, there is an instance such that |E SP | > C|E * |. pigure TX ndireted weighted grph used in etion RFQF prom u to vD there re |D| + 1 elementry pthsX 1 is omposed of 4 edges of in(nite pity nd |D| re omposed of 3 edges of pity 1F here re R demnds D s1t1 , D s2t2 , . . . , D s |D| t |D| D eh of vlue 1F Proof. gonsider the undireted weighted grph G = (V, E) depited in pigure TF sntegers on edges represent the di'erent pitiesF he |D| demnds re D s1t1 , D s2t2 , . . . , D s |D| t |D| D eh of vlue 1F ∀i ∈ [1, D]D the length of shortest pth from s i to t i is 5F sf eh demnd is routed through shortest pthD then it is esy to see tht the routing uses |E SP | = 5|D| edges euse ll the edges of ll the shortest pths hve pity 1F sndeed ny two demnds re routed through edgeEdisjoint shortest pthsF roweverD there is n optiml routing E * for the Minimum Edges Routing Problem suh tht |E * | = 2|D| + 4X eh demnd is routed through the 4 edges of in(nite pityF xote tht for this optiml routingD there is no demnd routed through shortest pthF king |D| >
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	s 1	1	1 8	1	1 8	1	t 1
		u			v		
	s 2	1 1	1	1	1	1	t 2
		1	1		1	1	
	s |D|			1			t |D|
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  Tree centroid. gonsider the tree entroid C nd onsider one of the rnh strting t CF e tree entroid is vertex or n edge C whih minimizes over ll nodes the lrgest onneted omponent indued y removing C from the grphF he mximl lod of n edge of this rnh is the lod of the edge e * inident to CF sndeedD for ny e of the rnh v(e) < v(e * ) nd v(e * ) ≤ n+1

	Minimizing Routing Energy Consumption	IU
	n+1	
	2	
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	2	D s ny rnh of the entroid is of size less thn
			INRIA

Load of an edge. emoving n edge e in tree disonnets the grph into P onneted omponents of sizes v(e) nd n -v(e) @with v(e) ≤ n -v(e)AF he lod of this edge is 2κv(e)(n -v(e))F

  present here onstrution of sugrph with n + p -2 √ p edges for p squre numerD tht is if ∃q ∈ N, p = q 2 F he lod of the sugrph is of order n 2 / √ pF his onstrution gives n upper ound of the lod of grid with missing edgesF por other vlues of p @-1 ≤ p ≤ nAD this formul is tken s n pproximtion of the lod of the est sugrphF xote tht it spns etween the orders of the two limit on(gurtionsF e disuss this pproximtion for two exmplesD the 4 × 4 nd the 10 × 10 squre gridsF √ p edges of the gridAF xote tht when p = nD the onstrution is simply the full squre gridF imilrlyD when p = 1D the onstrution is just spnning treeF Load of the edges of the square grid, L grid . he lod of grid with p nodes is 1
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	inria-00464318, version 2 -29 Jul 2010	pigure IHX gonstrution of sugrph with n + p -lmost equlEsized regions @p = 4 hereAF PE vink the regions into grid @red edgesAF QE √ p edgesX IE hivide the grid into p gonnet nodes inside region into tree @lue edgesAF idges sugrph lod proof n -1 tree 3 8 n 2 see vemm TFI n + p -2 √ p 1 2 n 2 √ p + 3 8 n 2 p 2 see elow 2n -2 √ n grid 1 2 n 3/2 see vemm TFP Claim 6.1 @qure qridA. Let 1 4 n 2 √ p + 3 8 n 2 p 2 .
		6.2.1 Constructions
		2 p 3/2 F ih p nodesF reneD etween two nodesD there re @t mostA p or n region orresponds to n
		n p × n p routes insted of IF @fy hoosing the routing of the grid for the ≈ n 2 p 2 demndsAD
		2 we n route with pity of 1	n 2
			INRIA

e p be a square number between 1 and n. The load of a subgraph with n + p edges is less than Proof. he proof is done y providing onstrution with this lodF e divide the grid into p regionsD see pigure IHF he regions re onneted into square gridF he node inside region re linked into treeF he grph hs n + p -2 √ p edges @n -1 -(p -1) edges inside the regions nd 2p -2

  heuristiD see pigure IP nd IQF por exmpleD for the
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				yverprovisioning ftor		ree	imultions	lues given y the ounds
												λ 1	λ tree
		|V | |E|	I	P	Q	R	yp 7xi	λ 1	λ tree gut found δ max	found
	etlnt	IS	PP	H7	QP7 QT7 QT7 PFTT	QT7	QV	IHI	Q	QV	R	VV
	xew ork	IT	RW PFH7 SW7 TQ7 TU7 SFP	TW7	IS	UV	IP	II	II	ST
	xoel qermny IU	PT	H7	QS7 QW7 QW7 PFUS	QW7	RR	IPI	R	QT	S	IHR
	prne	PS	RS	H7	RP7 RR7 RU7 QFIQ	RU7	TU	PIH	U	RS	IH	IQP
	xorwy	PU	SI	IP7 RQ7 RU7 RU7 RFUI	RW7	US	QSR	T	TI	T	PPH
	xoel i	PV	RI	IP7 QP7 QR7 QR7 PFUT	QR7	IQI	QTP	Q	IQI	S	PTR
	gostPTT	QU	SU QFS7 QP7 QS7 QU7 QFTV	QU7	IUS	TRR	R	IUI	R	SRH
	qiulQW	QW	VT	H7	RS7 SH7 SP7 VFPS	ST7	VS	UHP	II	UH	V	QRH
	ioroRH	RH	VW	H7	SQ7 SR7 SS7 SFIP	ST7	ISQ	UVR	U	IIS	S	SIP
	iSR	SR	VH	H7	QH7 QQ7 QQ7 RFUI	QR7	PWR IQVS	T	PRQ	IH	SUT
		(a) Gain of network interfaces (in %).			(b) Evaluation of the load given by the bounds.
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Minimizing Routing Energy Consumption QQ he ounds for spei( topologies re useful for generl networks to evlute the overprovisioning ftors needed for suh energyEe0ient solutionsF es prt of future workD we pln to study detiled ost funtion for more omplex router rhitetureF woreoverD we will rry on l experiments on smll network topologies to mesure in prtie the performne of the proposed energyEe0ient routingF