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Abstract – Numerous large-scale applications need to 
aggregate at a central facility large quantities of data from 
distributed sites connected by a lambda grid (which is an optical 
backbone network with mesh connectivity); thus this is a many-
to-one problem. In a lambda grid, dedicated wavelength 
channels are used to set up end-to-end lightpaths between end 
nodes. The objective of our problem is to find concurrent 
circuit-switched paths on which the files should be transferred 
from the multiple sources to the (same) destination, so that the 
total time required for the file aggregation (denoted as total 
finish time) is minimized and consequently support a large 
number of such file-transfer sessions. The grid links 
corresponding to the routes will be reserved in advance (during 
the transmission intervals) for our file-aggregation schedule. As 
a difference from previous work, we consider the realistic 
scenario, where bandwidth may be already reserved on the grid 
links because of existing similar file-aggregation schedules.  We 
design a file-transmission schedule that eliminates both the 
route conflicts, and time-interval conflicts, in such a way that 
the total finish time is minimized. To get an exact solution, we 
modeled our scheduling problem as an Integer Linear Program. 
Due to the large number of constrains, the exact solution is 
computationally expensive. We propose several heuristic 
algorithms including FirstFit, OnePass and MultiPass 
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 reservation, 
heuristics, MILP. 
 

I.  INTRODUCTION 

In the grid community, there is an increasing interest in 
transferring large files to support large-scale scientific 
applications. The focus is on finding technologies and 
architectures to support reliable and high-performance data 
transfers, dynamic path provisioning requested by user 
applications, and on-demand lightpath reservations. In order 
to support large-scale distributed computing, optical circuit-
switched networks have been proposed and developed, e.g., 
National LambdaRail [1], StarLight/TransLight [2], 
Canarie’s CA*net 4 [3], DOE’s UltraScience net [4] etc. 
These optical networks are called lambda grids. 

A Lambda Grid is a grid which has the ability to 
schedule and provision lambdas (or wavelength channels, 
each running at peak electronic speed of 10 or 40 Gbps), like 
all other computing resources. So, lambda grids provide a 
deterministic end-to-end network performance for time-
critical applications. Various architectures, such as 
CHEETAH [5] provide reliable end-to-end solutions that 
enable dynamic sharing of bandwidth. There are several 

mechanisms and protocols to support on-demand, high-
throughput data transfers for data-intensive architectures. 
Some examples are the QoS architecture called Integrated 
Services (IntServ), which uses Resource Reservation 
Protocol (RSVP) to support guaranteed bandwidth for 
individual flows, the GMPLS [6], which is an extension of 
MPLS that adds switching capabilities for lambdas, and 
which enables Label-Switched Paths (LSPs) to be setup and 
torn down. Also, end-to-end lightpaths and dedicated 
bandwidth may be reserved on-demand by user applications, 
using the User Controlled Lightpath (UCLP) software [7]. 

A common requirement in large scientific applications 
such as the Genomes to Life (GTL) project [8] and the Large 
Hadron Collider (LHC) experiments [9] at the European 
Organization for Nuclear Research (CERN) is the 
aggregation of data from different remote locations at a 
processing node at a specific time. For supercomputing sites, 
the processing capacity is of the order of teraflops. Also, 
since the application needs to aggregate all the data before 
computation can proceed, the network becomes the primary 
bottleneck. Consequently, minimizing the data-aggregation 
time at the supercomputer site is an important objective that 
can dramatically improve the performance of the application. 
The problem of routing and network scheduling was studied 
in [11] and several off-line scheduling algorithms were 
proposed. 

Our current paper extends the above study to consider a 
more practical and online scheduling problem. In particular, 
we consider scheduling and routing data-transfer requests 
over the network which is already serving prior established 
requests.  With the ability to setup on-demand circuits, this is 
a more realistic problem. 

For this study, we define our problem as follows. We are 
given a lambda grid network with a known topology and 
files with given sizes at different locations that need to be 
aggregated at a specific destination. We are also given the 
state of the network, i.e., for every link, we are given time 
intervals when it is utilized (busy) by other background 
traffic. During these time periods, the link is unavailable. 
Background traffic consists of previously-scheduled file 
transfers similar to the current request. Without lack of 
generality, our study assumes only one wavelength per link, 
and so only one file may be transmitted on a link at a time. 
The extension to the multiple-wavelength case is 
straightforward. Furthermore, we want to route and schedule 
the entire file transfers without fragmentations. The objective 
is to minimize the total transfer time for the session and 
thereby support a large number of such sessions. 



The problem is formulated as follows. Given a graph 
G(V, E), which represents a lambda grid, with V = set of 
nodes, E = set of links, |V|=n, and |E|=L. Files are to be 
transferred to a destination node D. We have a set M of m 
files fi, i=1,2,...,m, with node (source) locations Ni and size Si. 
For every link l, l=1,2,...,L, we have a list of time intervals 
when the link is available. The intervals are [t i

1, tf
1], [t i

2, 
tf

2],…,[t i
k, tf

k] , with ti meaning the start time of the interval, 
and tf the end time. The objective is to minimize the total 
finish time and determine: 1) the route, i.e., the path through 
which a file is transmitted to destination D and 2) the 
timesSchedule which defines the time interval when a 
lightpath will be reserved on the links of the route so that the 
file can be transmitted to the destination. In this study, we 
assume that the link propagation delays (on the order of tens 
of ms) are negligible compared to file transfer times (which 
are several tens of seconds for large files). As a result, the 
transfer time Tf  is approximately given by Tf = Sf/C, where Sf 
is the size of the file, and C is the capacity of the links. 

The rest of the paper is organized as follows. We explain 
our solution approaches in Section II, starting with an exact 
mathematical model, and continuing with five efficient 
heuristics that have the advantage of being scalable for large 
topologies and large number of files. In Section III, we 
describe our simulation model and present results that 
compare the performance of the heuristics algorithms with 
the exact solution. In Section IV, we conclude this study with 
an outline of the future work. 

 

II. SOLUTION APPROACHES 

Our problem is NP-complete, so we outline both the 
exact exponential solution and propose efficient heuristics. 

A. Exact Solution 

Through a mathematical reduction to the Time-Path 
Scheduling Problem (TPSP) [11], our problem is shown to 
be NP-complete. To obtain the exact solution, we wrote a 
mathematical specification of the problem, which turns out to 
be a mixed integer linear program (MILP), which is solvable 
using a commercial package CPLEX [12] for small problem 
sizes. 

Here is the MILP formulation. Given: (1) number of 
nodes n, from set N; (2) destination D; (3) network topology 
G(i, j), " i,j Î N, G(i, j) is 1 if connectivity exists between 
nodes i and j, 0 otherwise; (4) number of files m, from the set 
M; (5) location of each file on node: Nf Î N; and (6) transfer 
time for each file TTf. 

The subject variables are: (1) virtual connectivity matrix 
Vi,j

 f , " i,j Î N, fÎ M,  Vi,j
 f =1 if file f is routed on a path that 

contains edge [i, j] , otherwise, it is 0; (2) start time Tf , when 
f is scheduled," fÎ M; the end time for this file transmission 
will be Tf + TTf.  Objective: minimize the total transmission 
time: Minimize(Max(Tf+TTf)). 

The MILP constraints can be divided into three types: 

1.  Connectivity equations, to ensure the virtual connectivity: 
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Equation (1) means that we can only use an edge in the 
virtual connectivity if it physically exists. Equation (2) 
means that, for each file, from the source of the file, there is 
only one link exiting. Equation (3) means that, for a certain 
file, the number of incoming virtual links at a node is equal 
to the number of exiting virtual links. Equation (4) means 
that, given a node x, there is maximum one output link for 
file m. Equation (5) means that for any file, at any node, 
there is maximum one entering link. Equation (6) means that 
there is no exiting virtual edge from the destination, for all 
paths. Equation (7) means that the destination has exactly 
one incoming link for each file. Equation (8) eliminates 
simple loops. 

2. No-time-overlap equations. For all edges [i, j] , for all file 
pairs (f1, f2), with 21 ff ¹ , we have: 

)111( 21211

,,,,
2

,, £+£+£+ f
ij

f
ij

f
ij

f
ji

f
ji

f
ji VVandVVandVV   (9) OR 

)(
221112 ffffff TTTTorTTTT +³+³  (10) 

Equation (9) means that, for this edge, the files do not 
have any edge interference (so, they do not share the edge). 

Equation (10) means that, if an edge is common, one file 
can be scheduled only after the transmission of the other file 
has finished on this edge. 

3. Constraints for initial timings for each edge. For all files f 
and links [i, j] : 
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Equation (11) means that the edge is on the virtual path. 
Equation (12) means that the edge is not on the virtual 

path, and that the chosen interval for each edge should be 
inside the initial possible free-time intervals. 

A challenge in the CPLEX implementation of the MILP 
is the simulation of the conditions where ORs are combined 
with ANDs and NOTs. It is known that any ILP is a system 
of linear equations, so all the equations are linked by ANDs. 
We need to use special boolean equations so that we can 
simulate the ORs using ANDs. 
 

B. Proposed Heuristics 

Since our problem is NP-complete, we propose efficient 
heuristic algorithms that achieve close-to-optimum results. 
These heuristics are viable for topologies with a large 
number of nodes and files. The purpose of the heuristics is to 
minimize total finish time. The heuristics focus on two 



aspects: 1) finding on which path to route every file, and 2) 
finding the best time interval when to schedule the file. 
Before we describe each heuristic, it is useful to give some 
preliminary general explanations. 

1.  When examining a route from a source to destination, 
it is straightforward to compute all possible time intervals to 
transmit the files. We take all the edges on the route and do 
the intersections between their free time intervals. We accept 
only the time intervals that are long enough to permit the 
transmission of the entire file (with no fragmentation). 

2.  Proper computation of paths is important. Since the 
size of the intersection between time intervals decreases with 
increasing number of hops in the route, short paths are 
usually better. However, the route chosen for a file also 
depends on the routes chosen for other files that have 
common edges. So, sometimes, longer paths may be better 
than the shorter ones. We use two approaches to choose the 
paths: (1) pick k random paths, or (2) pick the k paths with 
the least number of hops between the source and destination, 
by implementing the k-Shortest-Paths algorithm [13].  In this 
paper, we propose and study four heuristic algorithms which 
are described in the following subsections.  

B.1 FirstFit Heuristic 
 

FirstFit has two versions: FirstFit using K-Shortest 
Paths, and FirstFit using Random Paths, the difference 
being the way they pick the routes. 

This is the simplest (and least-efficient) heuristic. 
However, its results improve significantly by increasing the 
number k of paths tried for every file. FirstFit ignores future 
possible time conflicts between the file to be scheduled and 
the rest of the files. The FirstFit algorithm works by 
scheduling the files in descending order of their sizes 
(biggest file first, then second biggest,…, until the smallest). 
The steps of the algorithm are enumerated below: 

 
Step 1. For current file, compute k paths (Random or using 
K-shortest-paths) from the source node of the file to 
destination D 
Step 2. For all the k paths, do the following: 

- Compute intersection between time intervals on all 
edges of the path, and get the possible time intervals.  
- For each path, select the earliest possible time interval; 
hence, the heuristic is called FirstFit. 

Step 3. Schedule current file at the earliest possible time 
interval among all the k paths. Take this path as the route for 
the current file. 

Update the times on all the edges affected by the choice 
of this path. 

Repeat for next file until we finish. Go to Step 1. 
 

Let TFF be the finish time computed by FirstFit. It is used as 
a worst-case scenario to compare with the other heuristics. 

B.2 The OnePass MinConflicts Heuristic  
 

OnePass MinConflicts heuristic separates our problem 
into two phases: a). Compute one best route on which to 
schedule each file, and b). Choose the “best” time interval 
for each file. These phases are described below. 

 

Phase 1. To compute the best route for the file, we generate 
k paths for each file using K Shortest Paths. Then, from these 
k paths, we choose only one “best” route for every file. 

The algorithm for choosing the “best path” for each file 
transmission is the presented below: 

 
Step 0. Initially, we generate k paths for each file, using K-
shortest-paths. 
Step 1. For all possible k paths for one file, we compute the 
average number of possible time intervals when the file 
could be transmitted. 

- The file that we “schedule” now is the file with the 
smallest average, this one being the file with the biggest 
restrictions. 

So we know which file to schedule, now we have to pick 
one of k possible paths. 
Step 2. To pick the “best”  path, we take into account two 
aspects: 

- The best initial path in the form of the number of 
intervals in that path (called interval_metric). 

- The possible conflicts, in the form of the number of 
repetitions of every edge on a certain possible path, in the 
files scheduled so far (called edge_repetition_metric). 

So, we use a metric of the form: 
Overall_metric = � *interval_metric – edge_repetition_metric  

, where �  is a constant. 
As a scheduling route for this file, we pick the path that 

maximizes the above presented metric. 
 

 
Fig. 1.Possible time intervals to transmit each file, with routes pre-computed 

 

 



Phase 2. In Phase 1 we computed the route that each file will 
take and now we want to choose the best time interval. This 
is the interval which has the least timing conflicts with the 
possible time intervals of the files not yet scheduled. In 
contrast with FirstFit, this heuristic considers future conflicts 
between time intervals and this reduces total finishing time. 
 

In Fig. 1, there is an example of how the possible time 
intervals to send a file may look like over pre-computed 
paths. For each file, after we choose a “best” path, there 
could be multiple alternatives of free time intervals when to 
schedule the file (a time interval is represented as a small 
rectangle in Fig. 1). We schedule the files in the ascending 
order of the number of alternative time intervals (i.e. In Fig.1, 
the first file to be scheduled is the file that has the least 
number of possible time intervals: 3 - I1, I2, I3). Because of 
this file “scheduling order”, each file has a hierarchical 
“level”, so when we say level, we think of the file to be 
transferred, along with its scheduling order. Intuitively, the 
smaller the level number, the more difficult it is to find an 
interval to schedule the file. 

 

To briefly summarize OnePass MinConflicts, we find 
the time interval when to schedule each file transfer. We start 
with the levels (files) with smallest number of intervals. For 
all the time intervals in the level that we currently schedule, 
we compute a metric which represents how “good” the 
interval is (in the sense that it will produce “minimal” future 
time interval conflicts to the next not yet scheduled files). As 
an example of time interval conflicts, in Fig. 1, interval I1 
from Level 1 has timing conflicts with I1 and I2 from Level 2 
(of course, assuming that the pre-computed paths for File 1 
and File 2 have a common link, which makes them 
interdependent), but has no problem with I3, I4, and I5 from 
Level 2. 

 

The OnePass MinConflicts algorithm is explained using 
Fig.1 as an example. We have m files, so there are m levels. 
Let the number of possible time intervals in level Lev be 
Intervals(Lev). 

 

The files with smallest number of possible intervals are 
the most problematic, so we schedule them first. We start by 
trying to find a solution that finishes at time TFF – alpha. If 
we cannot find such a solution, we gradually increase the 
desired finish time until we find a solution. TFF -alpha 
denotes a solution which is alpha seconds better than FirstFit. 
For all the levels and for each time interval in the level, we 
compute the interval’s “Nonconflicting metric”. The exact 
algorithm is described below. 

 
For all levels Lev from 1 to m 

For each interval ILev in the current scheduling level Lev 
For each of Lev’s next levels starting with the last 

level (NLev = m downto Lev+1) do 
 

  -   Get the number of time intervals from NLev that 
do not conflict with the chosen interval ILev. 

  -    Compute the nonconflicting “Ratio” as: 

NLevlevelinervalsofnumbertotal
NLevfromervalstingnonconflic

NLevratio
int
int

)( =
 

-  We consider levels with less intervals as more 
important in the nonconflicting_metric computation 
compared with levels with more intervals. We consider the 
last level (level m) as the reference level, and the 
Level_difference is: 
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- Compute Level_nonconflicting_metric for level 
NLev, as below: 

 
Level_nonconflicting_metric(NLev)= Ratio(NLev)* Level_difference(NLev) 
                                     
 EndFor 

-    Sum the Level_nonconflicting_metrics for all 
the levels unscheduled yet, except current level and 
obtain the Nonconflicting metric for interval ILev. 

�
+=

=
m

LevNLev

NLevmetrictingnonconflicLevel
1

Lev )(__)ting(INonconflic  

EndFor 
- The time interval when we schedule the current file 
will be the interval ILev_Max from level Lev that gets the 
maximum Nonconflicting metric. 
- Remove this time interval (ILev_Max) from all the 
times of the edges, and continue with next level (file), 
Lev, until all files are scheduled. 

EndFor 
 

 
Fig. 2. Scenario solved by MultiPass over OnePass. 

 

B.3 The MultiPass MinConflicts Heuristic 
 

This heuristic is designed to solve the problems with 
particular cases that can be illustrated by example in Fig. 2. 
The OnePass will pick interval I1 for level 1, I4 for level 2, 
and run out of options at level 3 (since all the intervals in 
level 3 have a time conflict with either I1 or I4), instead of 
just picking the best solution I2, I3, I5. This problem appears 
because, at level one, we do not take into account the future 



possible file schedules, e.g., I4 is not a desirable candidate 
since it has conflicts with all intervals in level 3, except I5. 
This problem is solved by the MultiPass algorithm. The main 
ideas of the algorithm are: 

 

- We execute the previous OnePass method for all the 
levels. The obtained matrix of interval Nonconflicting 
metrics already takes into account the conflicts. 

- This way we can see which interval is a promising 
interval and which is not. Maybe an interval seems very 
suitable for the current level, but it is unsuitable for a lot of 
other future intervals. 

 

The algorithm for MultiPass is based on OnePass, with 
the following additions:  

 

1) Compute the Nonconflicting metric for all levels and 
for all the intervals, not only for the current scheduling level. 
This way, we know the conflicts between all levels, thus 
taking into account “future”  conflicts.  

2) Using these quotas, with a design similar with 
OnePass, we recompute the quotas for the current level.  

3) Repeat Steps 1) and 2) NumberOfIterations times. 
The Nonconflicting metrics will converge to realistic results, 
and so, we are able to detect the scenarios in Fig. 2. 

After a number of iterations, the metrics will start 
“seeing” the global optimum situations, and cases like the 
one in Fig. 2 will be avoided. 

B.4 The MultiPath Heuristic  
   

This is the multipath version of previous heuristics. 
Instead of choosing just one “best” path for file, and then one 
“best” time interval when to schedule the file, we take k 
desirable paths for each file transmission using the K-
Shortest-Paths algorithm, along with all possible time 
intervals for each path. Then, for all the k paths, we try to 
determine the conflicts between all the intervals on all 
possible paths, and pick the path and interval with the best 
overall metric. This heuristic takes a global approach. After 
picking the k paths, it will treat the two problems of choosing 
the right routes and picking the time intervals together. 
 

 
III.  PERFORMANCE ANALYSIS 

 
In order to generate realistic utilization intervals on each 

link, we simulate background traffic by running the FirstFit 
Random heuristic for a number of times.  After each run, we 
update the time intervals on the edges, and then run the next 
schedule. This is the time-interval (or background traffic) 
generation model. We used schedules created with the same 
number of files, with the sizes randomly distributed between 
10 and 100 GB. We used two approaches for our traffic 
generation model: keeping the same destination node, or 
varying the destination. 

We implemented the above algorithms in a C++ 
simulator. We use two test topologies. The first one is the 

small 8-node topology in Fig. 3, used to compare the 
optimum results of the MILP with the results of the 
heuristics, as the MILP does not scale well for large 
problems. The second topology is the nationwide 24-node 
topology in Fig. 4. For both topologies, the sizes of the files 
are randomly distributed between 10 and 100 GB. 
Considering OC-192 (10 Gbps) capacities on all links, and 
neglecting propagation delays, the file-transfer times are 
between 8 and 80 seconds/file. 

 
Fig. 3. Sample topology used to compare the heuristics with the MILP. 

 
For the 8-node topology, node 1 is chosen as destination. 

We vary the number of files between 4 and 10. As shown in 
Fig. 5, all the heuristics get results close to the MILP, except 
FF_Rand (FirstFit Random) and FF_Kpath, which can 
sometimes be inaccurate, as we can see for 4 and 10 files. 
The OnePass and MultiPass heuristics get very close results. 
The finish times of both FirstFit heuristics are larger than or 
equal to those achieved by OnePass and MultiPass. We also 
observe that, for all algorithms, by increasing the number of 
files, the finish times also increase. 

 
Fig. 4. A 24-node US nationwide topology used to compare the heuristics. 

 
  Comparison between heuristics and MILP
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Fig. 5. Comparison between heuristics and MILP (applied to Fig. 3). 

 
For the 24-node topology, node 1 (top-left in Fig. 4) is 

chosen as a destination.  Since there are only 2 incoming 



links at node 1, there could be many path conflicts. We also 
have the existing time intervals restriction. These two aspects 
lead to large finish times, of around 10000 seconds (see Fig. 
5). The number of files is varied between 10 and 100.  

 
Heuristics Performances

The 24-node topology, w ith files sizes between 10GB  and 100GB
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Fig. 6. Comparison between the five heuristics (applied to Fig. 4). 
 
In Fig. 6, we compare the performances of the heuristics. 

The FF_Kpath_k=10 heuristic generally behaves better than 
FF_Rand, especially for large number of files. If the network 
is not congested (for small number of files), the heuristics 
behave almost the same, since the choice of the path is not as 
important. Both FirstFits, compared with the two 
Minconflicts heuristics, have inferior performance. This is 
because the two FirstFits do not try to avoid any time-
interval conflicts. That is why, in some cases, the FirstFit 
heuristics are unpredictable.  

Even though the MultiPass algorithm has significant 
improvements compared with OnePass, in practice, the 
specific cases solved by MultiPass may be rare. That is why 
the two heuristics achieve either same results, or very close 
ones.  The two MinConflicts heuristics are clearly the best 
option for large topologies, when there are lots of files to 
schedule. At the other end of the performance scale is the 
MultiPath heuristic. Even though it has the most global 
vision, the 24-node topology example indicates that 
MultiPath does not scale well.   

 
Performance of the FirstFit with Random Paths Heuri stic
The 24-node topology, w ith file sizes between 10GB and 100GB
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Fig. 7. Performance of the FF_Rand heuristic. 

 
In Fig. 7, we compare the performances of FF_Rand, for 

different values of K. It can be seen that the more paths we 
explore, the better times we get. For k=1, the solution cannot 
be used. However, starting with k=5, FF_Rand becomes 

competitive. The results for k=15 become very good, 
especially for large number of files. 

 

In summary, the best methods are the two MinConflict 
approaches, even though, for a large number of files and for 
a large number of paths explored (large k), FF approaches, 
especially FF_Kpath, could become competitive. 

 
IV.  CONCLUSION 

In this work, we formulated the problem of scheduling 
file transfers over lambda grids, while also considering 
already-existing file transmissions as background traffic. We 
presented a MILP formulation, and five heuristics to solve 
the problem. The heuristics are efficient, achieving results 
close to the exact (optimal) solution. We compared their 
performances and conclude that the two MinConflicts 
heuristics are very efficient and scalable as well. Because we 
consider the already-scheduled (file transmission) traffic, our 
problem is close to the real distributed file-transfer 
scheduling problem, and, along with existing technologies 
for reliable and rate-guaranteed high-speed end-to-end 
connections, the algorithms presented can become valuable 
on-demand (bandwidth/lightpath) scheduling mechanisms. 
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