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Abstract – A lambda grid is characterized by nodes 
connected by high speed optical infrastructure in which 
lightpaths can be set dynamically between end nodes. In this 
paper, we investigate the problem of downloading very large 
files requested by end nodes from data repositories connected to 
the lambda grid. To optimize the download time we propose to 
exploit a cooperative data-transfer mechanism in which a file 
downloaded by one end node is used to serve subsequent 
requests for the same file. The proposed algorithm requires 
multipath routing, intelligent replication, and fra gmentation of 
the downloaded files. We design an online file-transfer scheme 
FFToG (Fast File Transfers over Grids) that offers a significant 
performance enhancement over the traditional file transfer 
mechanisms. Through detailed simulation analysis, 
performance of FFToG is compared with an end-to-end file 
transfer method OPNB (One Path No Buffering) and we find 
that the download time is significantly lower for FFToG. We 
also compared FFToG with a multipath file transmission model, 
with no file replication - MPNB (Multi-Path No Buff ering) and 
achieved better results. Finally, we performed a detailed 
sensitivity analysis with respect to the various parameters of 
FFToG. 

 
Index Terms—lambda grid, online scheduling, high-

performance, lightpath, replication, fragmentation, routing, 
cooperative download 
 

I.  INTRODUCTION 

In the scientific research and grid community, there is a 
significant increase in the amount of data collected from 
different applications. In the field of particle physics, at the 
European Organization for Nuclear Research (CERN), Large 
Hadron Collider (LHC) [1] generates multi Petabytes of data 
per year [2]. Another example is the field of astronomy 
where the Hubble Space Telescope generates huge traces of 
data (also of order of petabytes) [2]. These examples clearly 
indicate the need to design new specialized protocols that 
address the problem of storing and transferring very large 
files.  

In this paper, we address the problem of efficiently 
obtaining files in a lambda grid network. A lambda grid 
consists of high-capacity bandwidth pipes embedded on an 
optical fiber infrastructure. Examples of lambda grids are 
National LambdaRail [4], or the OptIPuter project [5]. 

Currently, there is a dramatic growth of the network 
capacity [2], compared with storage. In conformity with the 
“technology doubling laws”, network bandwidth doubles 
every 9 months (Gilder’s Law), while disk storage capacity 

doubles every year [2], [3]. Hence, bandwidth cost decreases 
faster than storage cost. Transferring large files over a 
lambda grid currently requires both high bandwidth and high 
storage capabilities, as data is stored in centralized locations. 
There are scalability issues with centralized architectures. 
We want to use a scalable peer-to-peer (p2p) distributed type 
of scheme in order to perform these file downloads 
efficiently.  

As a solution to the efficient file-transferring problem, 
we propose a cooperative replication of the files on grid 
nodes. A node will buffer the file (or parts of the file) that it 
has requested. Many grid nodes may request the same file 
and so, data will be distributed on the storage nodes in the 
entire grid, and multiple file replicas created. File buffering 
is also useful in the case when the same node will need the 
file at a later time. However, grid nodes have more 
bandwidth than storage, so breaking up the file into pieces is 
necessary, and buffering should be done selectively, as 
storage resources are limited. Distributing and replicating file 
pieces comes up as a natural solution for improving file 
download time. 

In order to solve our large files transfer problem in 
lambda grids, traditional p2p file-transfer protocols cannot be 
successfully used, because of the significant differences 
between grids and p2p systems, and we design our FFToG 
protocol to take into account the grid challenges. As we adopt 
some features from the BitTorrent protocol [7], [8], we will 
explain why it is not applicable to grids. BitTorrent uses both 
a cooperative and competitive model, as it is used in an 
environment where nodes may not cooperate, and 
competition and fairness problems must be dealt with [7]. 
Grids are 100% cooperative environments; there is no 
competition for resources, all nodes collaborate. As opposed 
to p2p networks, grids have very high-speed transmission 
links and deal with very large files. Grids have lots of 
resources (i.e. bandwidth), and are focused on performance 
and application QoS, while in p2p networks, performance is 
not that important because of limited resources constraints. 
Grids have a small number of nodes, while p2p networks can 
have millions of peers. Therefore, grids are more 
deterministic, and suitable to design performance-efficient 
schemes. 

We design the FFToG algorithm to efficiently solve the 
problem of large file transfers in grids, and study its 
performance by comparing its total download time with the 



download time of a traditional end-to-end file-transfer model 
(OPNB), and with the download time of a multipath with no 
buffering model (MPNB). We also study our model’s 
behavior, and dependence of its specific parameters. 

This paper is organized as follows: Section II presents 
the exact problem formulation. Section III presents the 
proposed solution i.e., the FFToG algorithm. Section IV 
presents the experimental results and Section V gives the 
conclusion and outlines the future work. 
 

II. PROBLEM FORMULATION 

A. Physical Characteristics 

We are given a lambda grid topology. It is represented as 
a graph G(V, E), with V the set of nodes, and E the set of 
links, |V|=N, and |E|=L. All optical links in the grid each has 
W wavelengths. Each wavelength functions at a speed of 
10Gbps (OC-192). We assume existence of wavelength 
converters in the network. Matrix Cost[i][j], i, j =1…N 
stores the physical distances between any pair of grid nodes. 
We need these distances for computing propagation delays 
and lightpath setup times. 

Each grid node has storage capabilities, with a total disk 
size Di, i =1…N.  Total number of files existent on all 

lambda grid disks is NFiles. The sizes of the files are FiSize , 

i = 1… NFiles. Files are very large (of the order of 
Terabytes), and are stored with no fragmentation on the disks 
of the lambda grid. 

B. Requests Generated by Grid Nodes 

Any grid node can generate a request for a specific file. 
The node only needs to know the requested file number 
(from 1 to NFiles). 

A request is a triplet of the following form: 

[D, T, F] , where          (1) 

�  D - destination node (node requesting the file) 
�  T - time when file request is made. Node D needs 

the file at the present time (as soon as possible). 
�  F - number of requested file. The destination node 

does not care where the file/file pieces is/are located. 
 

In our simulation, interarrival times between requests (Ti 

- Ti-1, for requests i-1 and i) follow a negatively exponential 
distribution (Poisson) with rate ArrivalRate. Let NRequests 
be the total number of requests. 

The requested files (F) have a certain degree of 
“popularity” (or “importance”). As our problem is an online 
problem, we use a recent past history of the request pattern to 
determine what the “popularity” of the file is. The requests 
history should predict which files will be requested more (or 
less) in the future. The request history is used to replicate the 
file. We detail more about this aspect in Section III. B. 

 

C. Objective  

Our problem’s objective is to satisfy all the requests (by 
finding a route and transferring them to the destination) with 
the minimization of the total service time. Assuming that at 
request i, file F is requested at time T, and fully received at 

node D at time Tf , and let TTfi -=D .                            (2) 
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III. PROPOSED SOLUTION – THE FFToG 
PROTOCOL 

In order to minimize the total service time, our proposed 
algorithms should make use of the following key concepts: 

·  Allow multipath routing 
·  Divide the file into pieces 
·  Provide intelligent replication and buffering 
 

Throughout algorithm explanations, we will use the 
notations in Section II. 

For every request, we need parallel multipath routing to 
D (see Fig. 1), so that we can efficiently use the huge 
bandwidth available. When receiving a large file, 
performance is significantly better if we could use all/most of 
the free wavelengths on the ingress links to D, compared 
with transmitting the whole file on one wavelength. For 
example, in the topology from Fig. 5, node 2 has 3 incoming 
optical links. For W=16, assuming none of the wavelength 
channels is occupied for satisfying previous requests, there 
could potentially be 48 access paths to D.  

In order to obtain more alternative paths for multipath 
routing and to create “path diversity”, we need to divide file 
F into pieces, and distribute the pieces on different grid 
nodes. If all file pieces are located on a single source node, 
there is an increased probability not to be able to find paths 
from the source to D, or find very long paths. A similar 
division into pieces approach is used by BitTorrent. However, 
unlike in our solution, there, no topology/routing information 
is needed. The piece size is an input parameter to our 
simulation called P_S (expressed in GB). 

Replication of the files (file pieces) inside the grid can 
prove very helpful in improving service time, as there are 
more alternative paths from where to download the requested 
file’s pieces. To avoid unnecessary file transfers and provide 
replication, we choose to buffer the “most needed” pieces of 
the most needed files. Hence, upon receiving a file, the grid 
node has to choose between just processing the requested file 
or also buffering it. More details about the buffering 
algorithm are given in next sections. 

 

 

 



A. Overview of the Algorithm 

The centralized grid scheduling entity that handles and 
participates in each transfer request is called a Tracker. The 
Tracker contains updated statistics about network state. It 
maintains details about the locations of all files on disks, and 
about the grid links’ state. So, it records the lightpaths that 
are setup or released. The name of “tracker” comes from 
BitTorrent, even if functionalities are different. The 
communications (updates) between nodes and tracker require 
little bandwidth, compared with file transmissions, and are 
done in a separate control plane. The overall protocol for 
satisfying file transfer requests is given below: 
 

For each received file request (described as in Eqn. (1)) do 
{ 

�  Obtain current network state information from the 
Tracker unit (locations of all files on disks, links states). 

�  Apply FFToG algorithms to schedule the file 
transfer: 

Step 1. Find the nodes (sources) that contain pieces of F, 
and then find all possible free paths from sources to D. 

Step 2. Schedule each piece on a certain lightpath, from 
a certain source, in a “rarest piece first” fashion. 

Step 3. Decide which pieces are buffered (or not) on D. 
- Let the tracker know which wavelengths are used for 
transmissions and during which time intervals. 

�  Physically setup the lightpaths in parallel and start 
transmissions of the scheduled pieces on lightpaths. 

�  When file transmission ends (last connection 
finishes), tracker is updated with the current disk state (what 
pieces were deleted/added). Also, lightpaths are released. 
} 

Steps 1, 2 and 3 are addressed in detail in Section III. C. 
 

B. Ideal Number of File Copies 

Our algorithm must decide how many copies of the 
entire file we want to ideally have in the network. The ideal 
number of replicated copies of a file depends on its current 
utilization and on its size. 

As mentioned in Section II, file numbers are requested 
considering the “popularity” of each file. Some files may be 
more important, contain more relevant data, and are 
requested more frequent and by more grid nodes than others. 
A file that was heavily requested in the near past must be 
popular, and will probably be requested again in the future. 
In our simulation, for every request, each file has a different 
probability to be requested. Keeping a history of each file’s 
utilization allows us to decide which files are more probable 
to be requested. These files need to have more copies in the 
grid. The Utilization for each file (Ui, i=1, …, NFiles) is: 

farsorequestsallofNumber
FfileforrequestsofnumberCurrent

U i= i
                  (4) 

Therefore, the number of copies of a file ( Copies(fi) ) 
should be proportional with the utilization Ui of the files. 
Because we do not want to lose too much storage capacity by 
over-replicating the biggest files, and then realize that we run 
out of disk space to store smaller files, Copies(fi) should be 
inversely proportional with file size. 

We scale the utilizations by dividing Ui with the smallest 
current file utilization Umin. We also scale the sizes of the file. 
In addition, we want the utilizations to play a more important 
role than sizes in deciding how many copies we have and 
that is why we empirically find that powers of 3/4 
respectively 1/3 offer a well-balanced number of copies: 

3

min

4

3

min
i

)(
) (

Size

fSize

U

U

fCopies
i

i
��
�

�
��
�

�

=
                      (5) 

All pieces of file fi should be ideally replicated in 
Copies(fi) copies. 
 

C. Details of the Algorithm 

A graphical exemplification of our problem for a 
specific request (using notations in Eqn.1) can be seen in Fig. 
1. 

 
Fig. 1. Transferring pieces of file F from multiple sources to D. 

 

The rectangles represent grid nodes implicated in current 
file transfer. The relevant nodes are the sources that store 
copies of the requested file F’s pieces, and destination D. 
File F’s pieces are represented as small circles in Fig. 1. 
There are multiple optical links exiting from each source 
node. Each optical link has W wavelengths, but relevant for 
the current request are only the wavelengths that are free at 
the time of the request. (i.e., in Fig. 1, for S1, there are two 
exiting optical links, Link 1 with 3 currently free 
wavelengths, and Link 2 with 2 free wavelengths). 

In our simulation, in order to describe the free physical 
topology of the network we use the matrix below: 

)6(

mecurrent ti at the ission)for transm 

usednot  hs(wavelengt hs wavelengtfree ofnumber  FW 

j and i nodesbetween link  no if  ,  0

 [i][j]G'
�
	

�



�
==

 

For file F, the number of (integer) pieces (N_P) is the 
file size divided by the piece size: 
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As mentioned in Section III A, for each file request, we 
detail the following three parts of FFToG algorithm: 

·  Find the source nodes that contain pieces of file F, 
and then find all possible free paths from sources to D. 
·  Schedule each piece on a lightpath to D. 
·  Decide which pieces are buffered (or not) on D. 

 

I. Find Possible Routes to Destination 
 

Finding the possible routes and the source nodes is 
performed in the following steps: 

 

1. Find all source nodes (excepting node D) that contain 
any piece of file F. Let them be S1, S2, …, SS. . 
 

2. Obtain all the possible “routes” to transmit F’s 
pieces in parallel from S1, …, SS  to D. This is done by using 
a modified version of MAXFLOW algorithm [11]. 

By routes we do not mean physical routes, but lightpaths 
that use a wavelength on each optical link on the path to D. 

As an input graph for MAXFLOW we use G’ graph 
(with the number of wavelengths that are free at the current 
time as link cost)(see Eqn. (1)). MAXFLOW computes the 
flow from one source to a destination. We have multiple 
sources (S1, S2, …, SS) that contain pieces of file F so we 
create a dummy source node to use as MAXLOW source, 
and connect it to S1,…, SS. 

All the obtained paths may or may not be actually used 
to transmit the pieces of the file. We use as many of these 
paths as needed to transmit all pieces in parallel to D. 

 

 

II. Schedule Pieces Transmissions on Lightpaths 
 

In this part, we first decide from which source node Si 
(i=1, …, S) (see Fig. 1) to transfer each of file F’s pieces to 
D. 

For the pieces taken from the same source Si, we group 
the pieces together into queues of pieces. We transmit all the 
pieces in a queue together, on the same lightpath to 
destination D (the routes for possible lighpaths are computed 
in Part I) (see Fig. 2). We want to obtain very close transfer 
times on all lightpaths sent in parallel, as the total transfer 
time is as slow as the transfer time of the slowest lightpath. 
 

The algorithm for piece scheduling consists in 3 steps: 
·  Initializing Step, where we compute the desired 

number of pieces to transmit on a lightpath (M), order 
sources by distance, and construct the empty queues; 

·  Step 1, where we schedule each piece of the file F 
inside the piece queues, in a rarest piece first fashion. 

·  Step 2, where we do the transferring in parallel of 
all the pieces from all sources to destination D. It involves 
computation of transfer times, and setup of lightpaths. 
 
 

Initializing Step. 
1. Compute ideal number of pieces to transmit on 

the same lightpath (M). M is the lower bound on the number 
of pieces transmitted in parallel on a lightpath. 

MaxFlowbycomputedpathsofNumber
PN

M
_

 =     (8) 

Assume that F is divided into N_P=100 pieces, and we get 
20 routes with MaxFlow. M = 5 is the ideal number of pieces 
to be transmitted for every transmission we setup. 

2. Order the source nodes S1 ,…, SS by the distance 
from destination D. For each source Si, get all paths from 
Part I that originate from Si (see L1,…, LR  in Fig. 2). 

3. For all source nodes S1 ,…, SS construct empty 
queues corresponding to paths computed in Initializing Step 
2. 

 

Step 1. Schedule each piece of file F (inside the queues) 
 

While there are not scheduled pieces of file F, do  
{ 
- Find F’s piece (Pmin) with the minimum replication 

in the grid (min number of copies) 
- Choose closest source node Node that contains Pmin 
- From source node Node, try the routes (starting with 

shortest ones), until we find a queue Qk that has less 
than M pieces already scheduled. If all queues have 
more than M pieces, choose queue Qj whose length 
is closest to M. (Qj that minimizes (Length Q – M). 

} 
Step 2. Start transferring all pieces in each non-empty 

queue, in parallel, on the corresponding lightpaths (i.e in Fig. 
2, Q1 on L1,.., QR on LR). Beforehand, setup the lighpath. 
After transfer is over, release the lightpath. 

 

Total transfer time T required to transfer all the pieces in 
a queue Qk on one lightpath from a source to D is: 

releasetransfersetup TTTT ++=  ;
dktransfer P

Gbps
SP

QSizeT +=
10

_
*)( (9) 

where Size(Qk) is number of pieces in a queue, 10Gbps is 
capacity of a connection, Pd is the propagation delay. 
 

 
Fig. 2. A source node Si transfers parts of file F in parallel. 

 
III. Pieces Buffering Algorithm 
 

When receiving a file, the destination has to choose what 
pieces from file F, if any, to buffer on its disk.  



If the disk is full, we must decide what existing pieces 
on the disk to delete to make room for the new pieces. We 
only delete a piece if the replacing one is “more important” 
in the economy of the grid. 

There are three possible states in which the destination 
disk can be: 

·  State 1 – the disk has enough free space to store the 
entire file F 
·  State 2 – the disk has free space only for some of 
the pieces of F 
·  State 3 – the disk is completely full, but, if it is 
desired, we can delete old pieces and store pieces from F 
 
State 1. If enough free space on D’s disk, store the 

whole file F. 
 

State 2. If enough free space on D to store only some 
pieces of the file (not all the pieces): 

 
- While enough space on D for at least one piece 

�  find piece Pmin with minimum replication 
(number of copies of Pmin  on all disks), and buffer it. 

- If disk D is full, but we still have pieces from F 
that are not on disk D, do the scheme in State 3. 

 

State 3. This is the most general buffering scheme, used 
when disk D is full. We must decide which pieces from other 
(old) files stored on D we can delete to create space for F’s 
pieces. The algorithm is described below: 
 

While we decide to delete an existing piece on 
disk D (let it be pk ) and store a new piece from F 
(decision in Step 3) 

  - Repeat Step 1 and Step 2. 
 

The above mentioned Step 1, 2, and 3 are the following: 
 

       Step 1. Find best piece to delete from disk D. 
 

For all files fj on the disk D { 
·  Compute Copies(fj) - desired number of copies for 

each file.  (See Eqn. 5.) 
·  For all pieces pk on disk D { 

 -  Compute actual replication of piece pk in the grid 
 -  Compute the scaled variation below: 
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- Never delete a piece that is unique in the grid. 
    } 
              } 

Piece pk with minimum variation (Min_Variation) is the 
“least needed” piece from disk D. Its replication is close to 
the ideal number of copies. Pk is first candidate for deletion. 

 
 

Step 2. Find candidate piece (pn) to store on D. 
 

·  Find piece pn from F, with smallest replication 
·  Compute variation (see Eqn. 10.) of piece pn (called 
New_variation) 

 

Step 3. Decide if we delete pk and store pn on D. 
 

We do this by comparing Min_variation (Step 1.) 
with New_variation (Step 2.) 

  

·  If (New_variation > Min_variation), delete old 
piece pk, and store new piece pn from F on D. 

·  If (New_variation <= Min_variation), it means that 
there are enough copies of the pieces of file F in the 
network. The buffering for this request stops here. 

 

 
IV. PERFORMANCE EVALUATION 

 
 

To test the FFToG performance, we implemented a 
discrete event simulation in C++. The simulator uses a global 
queue of events, ordered by timestamp and a queue of 
lightpaths. We have three types of events: File_Request (FR), 
Connection_Finished (CF) and File_Finished (FF). As seen 
in Fig. 3, when a file request arrives, we execute the FFToG 
algorithm, reserve network resources and setup the lightpaths 
to send pieces of the file. For each lighpath, we compute the 
transfer times (for this period lightpath is reserved) (using 
Eqn. 9) and insert a Connection_Finished event into event 
queue. When all lightpaths finish their piece transfers (i.e. the 
CFi

1, …, CFi
NC events in Fig. 3), a File_Finished event is 

triggered to compute the service time �  (see Eqn. 2). 

 
Fig. 3. File Requests arrive and are serviced by FFToG. 

 

A. Simulation Parameters 
 

For a request as in Eqn. 1, requesting node D is 
randomly uniformly picked from interval [1, N]. The file 
request arrival times follow a Poisson distribution. If we say 
that requests ArrivalRate is �  = 0.001, it means that, on 
average, a file request arrives at every 1000 seconds. 
Number of wavelengths per each link (W) is varied in our 
simulations to be 8, 16 or 32. Disk sizes Di (i = 1,..., N) are 
randomly uniformly distributed in the range 5 - 30 TBytes. 
File sizes SizeF i are randomly uniformly distributed in the 
range 0.6 – 6 TBytes. Hence, some of the files can be larger 
than the grid disks. Initially, files are not fragmented, and the 
whole file is placed on grid disk. We define DiskOccupancy 
as how much disk space the cumulated file sizes initially 
occupy from the total grid disks capacity. We have an 
algorithm that (using the input parameter DiskOccupancy), 
both generates files (of sizes specified above), and maps 
them on grid disks. The algorithm is not presented here 
because of space constraints. So, the number of generated 
files (NFiles) results from the input parameter 
DiskOccupancy. 



B. Experimental Results 
 

The topology used in our simulations is the 24-node US 
nationwide topology in Fig. 4. 

 
Fig. 4. A 24-node US nationwide sample topology. 

 

In order to study the performance of FFToG, we 
implemented other two file transfer methods whose total 
service times will be compared with FFToG’s download time. 
OPNB (One Path No Buffering) it the traditional end-to-end 
scheme, where we send the entire file on only one path, with 
no fragmentation. Second method is MPNB (Multi Path No 
Buffering), in which we fragment the files into pieces, and 
use the MaxFlow approach from FFToG. However, we do 
not distribute the pieces in the grid, and there is no file 
replication. In MPNB, there are multiple paths as the file 
source can transmit on all wavelengths of its exiting links. 

 

Comparison between FFToG and other file transfer me thods
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Fig. 5. Comparison of total service times of the three file-transfer methods. 
 

Fig. 5 and Fig. 6 present exactly the same results, with 
the difference that Fig. 5 compares all three file transfer 
methods (FFToG, MPBN and OPBN), while Fig. 6 presents 
detailed differences between the first two methods. Fig. 5 
shows transfer times for different values of request arrival 
rate. From ArrivalRate parameter, we generate request inter-
arrival times, which are negative-exponentially distributed. 
As explained in Section IV. B, the 0.005, 0.01, 0.02, 0.03 
arrival rates correspond to an average of one file request at 
every 200, 100, 50, respectively 33.3 seconds. Fig. 5 and 6 
have the following fixed simulation parameters: W=16, 
P_S=200 GB, DiskOccupancy =30%, so generated NFiles= 
28, NRequests=500. 

 

In Fig. 5, we can see that FFToG obtains transfer times 
of between 27 and 24 times better than OPBN. This is 
expected, as the grid has many wavelengths per link (W=16), 
hence, the multipath routing really matters. OPBN heuristic 
obtains almost the same times for all different arrival rates. 
This is because it only uses one wavelength, so it does not 
create as many path conflicts as the two multipath methods. 

In Fig. 6, we compare the FFToG and MPNB 
performances. FFToG obtains transfer times between 1.95- 
2.64 times better than MPNB. So, the replication, 
fragmentation and distribution of pieces prove to be very 
helpful. Both FFToG and MPNB increase their transfer times 
when request rate increases. Because of more requests per 
time unit, more transfers are started in parallel and so, there 
will be more competition for the grid links, and implicitly, 
less available paths. This is why transfer times increase when 
arrival rate increases. MPNB performs badly when rate 
increases, while FFToG transfer times only increase slightly. 
This is because FFToG has the buffering mechanism, which 
replicates pieces on all nodes. This creates a lot of alternative 
for paths, even for high arrival rates. 
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Fig. 6. Comparison between the services times of FFToG and MPBN. 

 

Related to the very large total transfer times obtained, a 
simple approximative computation tells us how we obtain 
such large total transfer times. For file sizes between 0.6 – 6 
TBytes (range equivalent with 4915 – 49150 Gbits), 
assuming that we always find 8 wavelengths to transfer each 
file in parallel (for the experiment in Fig. 5 and 6, W=16), we 
can transport a file at 8*10Gbps = 80Gbps. This equivales 
with transfer times per file between aprox 61.5 – 615 s. 
Taking the average, we obtain aproximative 338 s per file 
transfer. For 500 (in the experiment in Fig. 5 and 6, 
NRequests=500) noninterferring requests, we get a total 
transfer time of 169000 sec, close to what we obtain from 
MPBN for the arrival rate of 0.03. 

In Fig. 5, 6, 7, 8 we show the “Simulation Total Time” 
which is the total network simulation time; in a real grid, it 
would be a period over which we monitor the grid 
performance. If Fig. 6, for the rate of 0.005, simulation time 
is 95333 s (approximately 26½ hours). For higher rates, as 
NRequests is constant, requests will be more frequent. So, 
simulation will finish earlier (in Fig. 6, for the arrival rate of 
0.03, simulation time decreases to less than 4½ hours). 

 

If we compare simulation time with FFToG transfer time 
(see Fig. 6), for the rate of 0.005, simulation time is larger 
than FFToG transfer time, for rate of 0.01, they are almost 
the same, and for rates of 0.02 and 0.03, transfer time is 
much larger than simulation time. For very slow arrival rates, 
the grid links are almost free, and we can find lots of paths 
for transfer. In this case, total transfer time is very small. 
When rates become higher, network is more utilized, paths 
are more difficult to find, so transfer times become larger. 



Also, there are many requests served in parallel, so for one 
unit of simulation time, we count more units of time (one 
unit for each request served in parallel) to the total transfer 
time (see Eqn. 3). Therefore, for high rates, total transfer 
time is much larger than simulation time. 
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Fig.7. FFToG performance when varying the number of requests. 

 For Fig. 7, we use the following set of fixed parameters: 
ArrivalRate=0.005, W=16, P_S=150 GB, DiskOccupancy 
=25%, and generated NFiles= 24. We vary the total number 
of requests from 100 to 1000. Both simulation times and 
FFToG times increase when number of requests increases, as 
there are more requests to serve. An interesting fact is that, 
for 100 requests, FFToG time is larger compared to 
simulation time, than in the case of 1000 requests. This is 
because, initially, pieces are not replicated, and we need 
requests to replicate the file in the grid. 
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Fig.8. FFToG performance when varying piece size. 

In Fig. 8, we can see how FFToG depends on the piece 
size. If granularity of the piece is very large (i.e. 500 GB in 
our case), the pieces cannot be well distributed on all grid 
nodes. As a result,  there will be a small number of possible 
sources for the multipath download and FFToG performance 
will be poor. However, it is not worth having the piece size 
to be too small. There is very small difference between the 
performance of a piece size of 15 GB and the piece size of 
100 GB. This is because, with P_S of 100 GB, the pieces are 
well enough distributed on grid nodes, and further division 
makes no real difference. Furthermore, having more pieces 
increases algorithm overhead.  

In Fig. 9, we study the improvement in the total transfer 
time, in the case that our grid deploys 16 wavelengths per 
link, compared with a deployment of 8 wavelengths. From 
the figure, we can see that the 16 wavelengths deployment 

achieves much better transferring times. With the increase in 
requests rate, the 8 wavelength deployment starts to become 
congested as shown by the higher increase in transfer times 
as shown in the Figure. While for the 16 wavelengths case 
there are enough resources as result the transfer time just 
increases slightly, even for an arrival rate of 0.01 
requests/sec. 
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Fig.9. FFToG performance for different number of wavelengths per link. 
 

V. CONCLUSION 
 

In this paper, we proposed a cooperative mechanism for 
optimizing large file transfers in lambda grids. Our online 
algorithm (FFToG) utilizes multipath routing, intelligent 
buffering and fragmentation of the files.  Through simulation, 
we compared our approach with a traditional one-path end-
to-end file-transfer approach and with a simple multipath 
approach, with no buffering, and demonstrated that FFToG  
is very efficient. As future work we plan to do experimental 
analysis of our algorithm on a lambda grid network such as 
National LambdaRail.  
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