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Abstract — Numerous large-scale applications needot
aggregate at a central facility large quantities ofdata from
distributed sites connected by a lambda grid (whicls an optical
backbone network with mesh connectivity); thus thidgs a many-
to-one problem. In a lambda grid, dedicated wavelggth
channels are used to set up end-to-end lightpathsetween end
nodes. The objective of our problem is to find conarent
circuit-switched paths on which the files should bedransferred
from the multiple sources to the (same) destinatignso that the
total time required for the file aggregation (denoed as total
finish time) is minimized and consequently supporta large
number of such file-transfer sessions. The grid liks
corresponding to the routes will be reserved in adance (during
the transmission intervals) for our file-aggregatim schedule. As
a difference from previous work, we consider the ralistic
scenario, where bandwidth may be already reservednathe grid
links because of existing similar file-aggregatioschedules. We
design a file-transmission schedule that eliminate®oth the
route conflicts, and time-interval conflicts, in sich a way that
the total finish time is minimized. To get an exacsolution, we
modeled our scheduling problem as an Integer LineaProgram.
Due to the large number of constrains, the exact kdgion is
computationally expensive. V¢ propose several heuristic
algorithms including FirstFit, OnePass and MultiPas
MinConflicts, and MultiPath. Through simulation, we show
that these heuristics are viable solutions.

Index Terms—lambda grid, data/file aggregation, lightpath,
end-to-end  provisioning, routing, time-slot reservéon,
heuristics, MILP.

I. INTRODUCTION

In the grid community, there is an increasing iesérin
transferring large files to support large-scaleewstific
applications. The focus is on finding technologiasd
architectures to support reliable and high-perforceadata
transfers, dynamic path provisioning requested Iseru
applications, and on-demand lightpath reservatitm@rder
to support large-scale distributed computing, @btarcuit-
switched networks have been proposed and develeped,
National LambdaRail [1],
Canarie’'s CA*net 4 [3], DOE’s UltraScience net [dic.
These optical networks are called lambda grids.

StarLight/TransLight  [2],

mechanisms and protocols to support on-demand,- high
throughput data transfers for data-intensive aechires.
Some examples are the QoS architecture called rates
Services (IntServ), which uses Resource Reservation
Protocol (RSVP) to support guaranteed bandwidth for
individual flows, the GMPLS [6], which is an extéms of
MPLS that adds switching capabilities for lambdasd
which enables Label-Switched Paths (LSPs) to hepsand
torn down. Also, end-to-end lightpaths and dedidate
bandwidth may be reserved on-demand by user afiphsa
using the User Controlled Lightpath (UCLP) softwhfe

A common requirement in large scientific applicato
such as the Genomes to Life (GTL) project [8] dmal ltarge
Hadron Collider (LHC) experiments [9] at the Eurape
Organization for Nuclear Research (CERN) is the
aggregation of data from different remote locaticatsa
processing node at a specific time. For supercompusites,
the processing capacity is of the order of terafloflso,
since the application needs to aggregate all tha defore
computation can proceed, the network becomes tineapr
bottleneck. Consequently, minimizing the data-aggtien
time at the supercomputer site is an importantaiive that
can dramatically improve the performance of theliappon.
The problem of routing and network scheduling waslied
in [11] and several off-line scheduling algorithmeere
proposed.

Our current paper extends the above study to censid
more practical and online scheduling problem. Irtipalar,
we consider scheduling and routing data-transfeuests
over the network which is already serving priorabshed
requests. With the ability to setup on-demanduitis¢ this is
a more realistic problem.

For this study, we define our problem as follows ¥e
given a lambda grid network with a known topologyda
files with given sizes at different locations thwed to be
aggregated at a specific destination. We are ailgenghe
state of the network, i.e., for every link, we @igen time
intervals when it is utilized (busy) by other baakgnd
traffic. During these time periods, the link is uadable.
Background traffic consists of previously-scheduléld

A Lambda Grid is a grid which has the ability totransfers similar to the current request. Withoatkl of
schedule and provision lambdas (or wavelength aklann generality, our study assumes only one wavelengthipk,

each running at peak electronic speed of 10 or 4os}; like
all other computing resources. So, lambda gridsigeoa
deterministic end-to-end network performance fameti
critical applications. Various architectures, suchs
CHEETAH [5] provide reliable end-to-end solutionisat

and so only one file may be transmitted on a link &ime.
The extension to the multiple-wavelength case
straightforward. Furthermore, we want to route acdedule
the entire file transfers without fragmentationkeTobjective
is to minimize the total transfer time for the sessand

is

enable dynamic sharing of bandwidth. There are ra¢vethereby support a large number of such sessions.



The problem is formulated as follows. Given a graph. Connectivity equationso ensure the virtual connectivity:
G(V, E) which represents a lambda grid,_rih= set of Vi,,-f £G,," i,jiT N Q) _”71VN =1 fT M )]
nodes,E = set of links,|V|=n, and |E|=L. Files are to be " f ) f - .
transferred to a destination nofle We have a se¥l of m GVix = VY " XE DN 3) LV ELTXMm (4)

I
filesf;, i=1,2,...,m with node (source) locatiom and sizeS. N, f et moon., f_
For every linkl, I=1,2,...,L, we have a list of time intervals Vi ELTXE N ®) 2 Vo =0 ©
when the link is available. The intervals dté, '], [t "V =1 M () vr+vn<=1711 M, i, (8)

t7],...,[t% t, with t, meaning the start time of the interval,
andt; the end time. The objective is to minimize the totaEquation (1) means that we can only use an edgéen
finish time and determine: 1) teute, i.e., the path through Vvirtual connectivity if it physically exists. Equan (2)
which a file is transmitted to destinatidd and 2) the means that, for each file, from the source of ttee there is
timesSchedel which defines the time interval when aonly one link exiting. Equation (3) means that, focertain
lightpath will be reserved on the links of the ®@sb that the file, the number of incoming virtual links at a ot equal
file can be transmitted to the destination. In thisdy, we to the number of exiting virtual links. Equation) (fieans
assume that the link propagation delays (on theroofitens that, given a node, there is maximum one output link for
of ms) are negligible compared to file transferear(which file m. Equation (5) means that for any file, at any node
are several tens of seconds for large files). Assailt, the there is maximum one entering link. Equation (6anmethat
transfer timeT; is approximately given by; = S/C, whereS  there is no exiting virtual edge from the destioatifor all

is the size of the file, and is the capacity of the links. paths. Equation (7) means that the destinationexastly
The rest of the paper is organized as follows. W#ain one incoming link for each file. Equation (8) elimates
simple loops.

our solution approaches in Section Il, startinghvan exact

mathematical model, and continuing with five e#isi 2. No-time-overlap equationBor all edgedi, j] , for all file
heuristics that have the advantage of being s@fabllarge pairs(f,, ,), with f,1 f,, we have:

topologies and large number of files. In Sectioh e L ‘2 L A, L A,

describe our simulation model and present resuiet t ;" +V,; " ElandV;* +Vj; " £l andV; " +V; " £]) (9)OR
compare the performance of the heuristics algosthuith (T, 3T, +TT, or T, 3T, +TT,) (10)
the exact solution. In Section IV, we conclude 8tisdy with

i Equation (9) means that, for this edge, the filesat
an outline of the future work.

have any edge interference (so, they do not sharedge).

Equation (10) means that, if an edge is common fitme
Il. SOLUTION APPROACHES can be scheduled only after the transmission obther file

_ ) has finished on this edge.
Our problem is NP-complete, so we outline both the

exact exponential solution and propose efficientristics. 3. ((jitl)_nitr[gir_]ts for initial timings for each edder all files f
_ and linksfi, ] :
A. Exact Solution v, =0or V,,' =0) OR (11)

Through a mathematical reduction to the Time—Patl(q/ s0andV,' >0) AND ([T,.T, +TT,]1 [tht,'T..i [t.t,"]) (12)
Scheduling Problem (TPSP) [11], our problem is shaw " _ . = fth' tth’ d " It’h‘ e
be NP-complete. To obtain the exact solution, wetevra quat!on( ) means that the edge 'S onhe vipa -
mathematical specification of the problem, whicintuout to Equation (12) means that the edge is not on theatir
be a mixed integer linear program (MILP), whicts@vable Path, and that the chosen interval for each edgelghbe
using a commercial package CPLEX [12] for smallbem inside the initial possible free-time intervals.
sizes. A challenge in the CPLEX implementation of the MILP

Here is the MILP formulation. Given: (1) number ofis the simulation of the conditions where ORs armigined
nodesn, from setN; (2) destinatiorD; (3) network topology With ANDs and NOTs. It is known that any ILP is ystem
GG, j)," ijl N, G(i, j) is 1 if connectivity exists between of linear equations, so all the equations are binkg ANDs.
nodesi andj, O otherwise; (4) number of files, from the set We need to use special boolean equations so thatanwe
M; (5) location of each file on nodBi; | N; and (6) transfer Simulate the ORs using ANDs.
time for each filel'T;.

The subject variableare: (1) virtual connectivity matrix
V" "l NCfl M, Vi T=1f file fis routed on a path that _ _ N
contains edg, j] , otherwise, it i; (2) start imeT; , when Since our problem is NP-complete, we propose effici
fis scheduled’ fl M; the end time for this file transmission NeUristic algorithms that achieve close-to-optimeesults.

will be T; + TT;. Objective minimize the total transmission | N€Se heuristics are viable for topologies with aage
time: Minimize(Max(F+TTy)). number of nodes and files. The purpose of the btiesiis to

minimize total finish time. The heuristics focus dwo

B. Proposed Heuristics

The MILP constraints can be divided into three spe



aspects: 1) finding on which path to route evely, fand 2) B.2 The OnePass MinConflicts Heuristic
finding the best time interval when to schedule fle.

Before we describe each heuristic, it is usefugite some  OnePass MinConflictheuristic separates our problem
preliminary general explanations. into two phasesa). Computeone bestroute on which to

it is straightforward to compute all possible timéervals to  for each file. These phases are described below.
transmit the files. We take all the edges on theée@and do
the intersections between their free time intervale accept

only the time intervals that are long enough tonpethe | paths, we choose only one “best” route for evisey

transmission of the entire file (with no fragmeiaaj. The algorithm for choosing the “best path” for edibh
2. Proper computation of pathis important. Since the .4smission is the presented below:

size of the intersection between time intervalge@ses with
increasing number of hops in the route, short pz;ths Step 0 Initially,
usually better. However, the route chosen for a &lso hortest-path
depends on the routes chosen for other files tleate h shortest-patns. ] ]

than the shorter ones. We use two approaches twsehhe average number of possible time intervals when filee

paths: (1) pickk random paths, or (2) pick thepaths with could be transmitted.

the least number of hops between the source arishalésn,
by implementing th&-Shortest-Pathalgorithm [13]. In this
paper, we propose and study four heuristic algastiivhich

Phase 1.To compute théest routefor the file, we generate
k paths for each file using Shortest PathsThen, from these

we generate k paths for each file, usik-

- The file that we “schedule” now is the file withe
smallest average, this one being the file with khggest

are described in the following subsections. restrictions.
So we know which file to schedule, now we haveitk p
B.1 FirstFit Heuristic one of k possible paths.

FirstFit has two versionsFirstFit using K-Shortest St€P 2.To pick the*best” path, we take into account two
Paths and FirstFit using Random Paths the difference aspects:
being the way they pick the routes. - The best initial pathin the form of the number of
This is the simplest (and least-efficient) heucisti jntervals in that path (called interval_metric).

However, its results improve significantly by inasing the ) ; P
numberk of paths tried for every filerirstFit ignores future The possible conflictsn the form of the number of

possible time conflicts between the file to be sthed and TePelitions of every edge on a certain possiblé,pat the
the rest of the files. TheFirstFit algorithm works by files scheduled so far (called edge_repetition_icjetr
scheduling the files in descending order of thdzes So, we use a metric of the form:

(biggest file first, then.second biggest,..., urttit tsmallest). overall_metric = *interval_metric — edge_repetition_metric
The steps of the algorithm are enumerated below: _where is a constant.

Step 1.For current file, compute k paths (Random or using AS @ scheduling route for this file, we pick thefptnat
K-shortest-paths) from the source node of the fie ™Maximizes the above presented metric.
destination D

. Possible time intervals to transmiteach file on a fixed pre-computed path
Step 2 For all the k paths, do the following:

JE]

. ] I
- Compute intersection between time intervals dn al \AII;:V‘:lL:lc:r:uEL:L;r | e =
edges of the path, and get the possible time iaterv ofineinemas - M 5
- For each path, select the earliest possible iinezval; Lol [ e Emm B _—
hence, the heuristic is call&drstFit.
Step 3.Schedule current file at the earliest possible time
interval among all the k paths. Take this pathhasroute for N
the current file. wihhebiggest B DN BN N BN ... BN B9 B9
Update the times on all the edges affected by timéce n"?l:;fﬁ -
of this path. 0 Time axis FREETIME
Repeat for next file until we finish. Go to Step 1. L

. . . . . Fig. 1.Possible time intervals to transmit eao filith routes pre-computed
Let Ter be the finish time computed IByrstFit. It is used as

a worst-case scenario to compare with the othetidtis.



Phase 2In Phase 1 we computed the route that each file wi - Compute the nonconflicting “Ratio” as:

take and now we want thoose the best time intervdlhis _ _nonconfliding intervals from NLev

is the interval which hathe least timing conflictsvith the ratio(NLey) = total numberof intervals in level NLev

possible time intervals of the files not yet scHedu In - We consider levels with less intervals as more
contrast withFirstFit, this heuristic considers future conflictsimportant in the nonconflicting_metric computation
between time intervals and this reduces totallfinig time. compared with levels with more intervals. We coasithe

In Fig. 1, there is an example of how the possible tim&st level (level m) as the reference level, an th
intervals to send a file may look like over pre-guied Level_difference is:

paths. For each file, after we choose a “best” ptibre 1, NLev=m

could be multiple alternatives of free time intdsvevhen to Level_difference(NL) = Intervals(NLev)

schedule the file (a time interval is representedaasmall - Intervals (m)

rectangle inFig. 1). We schedule the files in the ascending

order of the number of alternative time intervals.(InFig.1, - Compute Level_nonconflicting_metric for level
the first file to be scheduled is the file that hhge least NLev, as below:

number of possible time intervals: 35 I, |3). Because of
this file “scheduling order”, each file has a hietdcal
“level”, so when we say level, we think of the fite be
N i . EndFor
transferred, along with its scheduling order. lively, the i Sum the Level_nonconflicting_metrics for all
smaller the level number, the more difficult ittes find an - -
the levels unscheduled yet, except current levdl an

interval to schedule the file. ) o i )
obtain the Nonconflicting metric for intervak,.

Level_nonconflicting_metric(NLev)= Ratio(NLev)* kedwifference(NLev)

To briefly summarizeOnePass MinConflictswe find o
the time interval when to schedule each file transiVe start  Nonconfliding(l,,,) = Level_nonconfliting _ metrigNLev)

with the levels (files) with smallest number oféntals. For NLev=Levtl

all the time intervals in the level that we curigrichedule, EndFor

we compute a metric whic_h represents h.O.W “good” the -  The time interval when we schedule the current file
interval is (in the sense that it will produce “nmal” future will be the intervall e, vax from level Lev that gets the

time interval confhcts_to the next not yet _schenlpflles). As maximum Nonconflicting metric
an example of time interval conflicts, Fig. 1, interval I, o s

from Level 1 has timing conflicts with and|,from Level 2 - Remove this time intervallit, va) from all the
(of course, assuming that the pre-computed path§ife 1 times of the edges, and continue with next levig)(f
and File 2 have a common link, which makes them Lev,until all files are scheduled.

interdependent), but has no problem wihl,, andls from  £nqFor

Level 2.
The OnePass MinConflictalgorithm is explained using E:Icampb that explains the Ffrj"t'bmf'l’!"?'j
Fig.1 as an example. We have m files, so there are sisev by the M””‘IEI"” MinContlics HE"‘““';
Let the number of possible time intervals in letelv be L
Intervals(Lev) Level | | E— E—
The files with smallest number of possible intesvate Lavel? & 4
the most problematic, so we schedule them fif&. start by i
trying to find a solution that finishes at tirfer — alpha If P ]5- : F- “_ ";

we cannot find such a solution, we gradually inseethe
desired finish time until we find a solutio: -alpha
denotes a solution which &éphaseconds better thasirstFit. Time axis
For all the levels and for each time interval ie tbvel, we
compute the interval’s “Nonconflicting metric”. Thexact
algorithm is described below.

Fig. 2. Scenario solved by MultiPass over OnePass.

B.3 The MultiPass MinConflicts Heuristic
For all levels Lev from 1 to m ) o ) )
For each interval le, in the current scheduling level Lev This heuristic is designed to solve the problemehwi

, . . articular cases that can be illustrated by exarmpleg. 2.
For each of Lev's next levels starting with the IaSEI)'he OnePasawill pick interval I, for level 1, 14 for level 2,

level (NLev = m downto Lev+1) do and run out of options at lev8l (since all the intervals in
level 3 have a time conflict with eithéy or 1), instead of
just picking the best solutioi, I, Is. This problem appears
because, at level one, we do not take into accihenfuture

- Get the number of time intervals fravibevthat
do not conflict with the chosen interval,.



possible file schedules, e.d4 is not a desirable candidatesmall 8-node topology inFig. 3, used to compare the
since it has conflicts with all intervals in lev@l exceptls. optimum results of the MILP with the results of the
This problem is solved by thdultiPassalgorithm. The main heuristics, as the MILP does not scale well forgdar
ideas of the algorithm are: problems. The second topology is the nationw2denode
- We execute the previo@nePassnethod for all the topology inFig. 4. _For_ both topologies, the sizes of the files
levels. The obtained matrix of intervalonconflicting &€ randomly distributed betweedO and 100 GB
metrics already takes into account the conflicts. ConsideringOC-192 (10 Gbps) capacities on all links, and
- This way we can see which interval is a promising€dlecting propagation delays, the file-transfenes are
interval and which is not. Maybe an interval seevesy DetweerB and80 seconds/file.
suitable for the current level, but it is unsuitalibr a lot of
other future intervals.

The algorithm forMultiPassis based o®OnePasswith
the following additions:

1) Compute theéNonconflicting metridor all levels and
for all the intervals, not only for the current sdaling level.
This way, we know the conflicts between all levalsus
taking into accourttfuture” conflicts.

2) Using these quotas, with a design similar with Fig. 3. Sample topology used to compare the heuristids thi MILP.
OnePasswe recompute the quotas for the current level.

3) Repeat Steps 1) and RumberOfiterationstimes. For the8-node topology, node is chosen as destinat!on.
The Nonconflicting metrics will converge to realistesults, & vary the number of files betwedrand10. As shown in
and so, we are able to detect the scenaribir?. Fig. 5, all the heuristics get results close to the MIeRGept

After a number of iterations, the metrics will star FF_Rand (FirstFit Randomand FF_Kpath which can
“seeing” the global optimum situations, and casks the sometimes be inaccurate, as we can see fand 10 files.

one inFig. 2 will be avoided. The OnePassandMultiPassheuristics get very close results.
The finish times of botlrirstFit heuristics are larger than or
B.4 The MultiPath Heuristic equal to those achieved ®nePassandMultiPass We also

observe that, for all algorithms, by increasing tluenber of
This is the multipath version of previous heuristic files, the finish times also increase.

Instead of choosing just one “best” path for fded then one
“best” time interval when to schedule the file, wake k
desirable paths for each file transmission using ki
Shortest-Pathsalgorithm, along with all possible time
intervals for each path. Then, for all the k paths, try to
determine the conflicts between all the intervals all
possible paths, and pick the path and interval with best
overall metric. This heuristic takes a global agmtn After
picking thek paths, it will treat the two problems of choosing
the right routes and picking the time intervalsetibwgr.

Fig. 4. A 24-node US nationwide topology used to complaeehieuristics.
lll. PERFORMANCE ANALYSIS

Comparison between heuristics and MILP
The 8 nodes topology, with file sizes randomly dist  ributed between
10GB and 100GB

In order to generate realistic utilization intesvain each —p-frRandies o —m—FrKpath k=3 —&—OnePassMnCont
link, we simulate background traffic by running tRestFit /
Random heuristic for a number of times. After eaoh, we

update the time intervals on the edges, and thertha next
schedule. This is the time-interval (or backgrouraffic)
generation model. We used schedules created wétlsame

Finishing time (sec)
w
8
8

number of files, with the sizes randomly distriltlteetween 100

10 and 100 GB. We used two approaches for ouridraff .

generation model: keeping the same destination ,node ° ¢ ° ® Number of Fles ooy

varying the destination. Fig. 5. Comparison between heuristics and MILP (applieBiitp 3).
We implemented the above algorithms in a C++ o )

simulator. We use two test topologies. The firse d the For the24-node topology, nodé (top-left inFig. 4) is

chosen as a destination. Since there are @nlycoming



links at nodel, there could be many path conflicts. We alseompetitive. The results fok=15 become very good,
have the existing time intervals restriction. Thivge aspects especially for large number of files.

lead to large finish times, of aroud®000seconds (seEig. In summary, the best methods are the MiaConflict

5). The number of files is varied betweb®and100. approaches, even though, for a large number of éited for
a large number of paths explored (laige FF approaches,

The 24-nods topology, wih fles sizes bamesn 10GB  and 100GE especiallyFF_Kpath,could become competitive.
S Miirasetincont o T onemsshncent
oo o IV. CONCLUSION
12000
10000 el —— In this work, we formulated the problem of schedgli
% 8000 /‘—4-/'//' file transfers over lambda grids, while also coasitg
2 co00 / " already-existing file transmissions as backgrouaéfit. We
2 aoco // presented a MILP formulation, and five heuristiossblve
2000 the problem. The heuristics are efficient, achigviesults
0 close to the exact (optimal) solution. We compatiee€lir
° B © Numperrries % oo™ performances and conclude that the twdinConflicts
Fig. 6. Comparison between the five heuristics (applieBigo 4). heuristics are very efficient and scalable as viggdicause we

consider the already-scheduled (file transmissiafjic, our
In Fig. 6, we compare the performances of the heuristiqsroblem is close to the real distributed file-tif@ns
The FF_Kpath_k=10heuristic generally behaves better tha’cheduling problem, and, along with existing tedbgies
FF_Rand especially for large number of files. If the netw  for reliable and rate-guaranteed high-speed erehtb-
is not congested (for small number of files), theutistics connections, the algorithms presented can becoruabia

behave almost the same, since the choice of tieipabt as  on-demand (bandwidth/lightpath) scheduling mechasis
important. Both FirstFits, compared with the two

Minconflicts heuristics, have inferior performance. This is REFERENCES
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