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Abstract 

In this paper, we study the problem of scheduling fiEe 
transfers through a switch. This problem is at the heart 
of a model often used for large grid computations, where 
the switch represents the core of the network intercon- 
necting the various clusters that compose the grid. We 
establish several complexity results, and we introduce 
and analyze various algorithms, from both a theoretical 
and a practical perspective. 

1 Introduction 

Computation grids are more and more used to fol- 
low the tremendous growth of the need in computation 
power. Since computation nodes can be anywhere in 
the world, there are many issues involving the schedul- 
ing of both communications and computations. Even 
when communication links are dedicated, the problems 
of maximizing the number of files that can be transmit- 
ted, and of allocating the correct bandwidth to each 
file, turn out t o  be very difficult. 

In this paper, we study the problem of scheduling 
file transmissions through a classical network switch. 
This problem could appear somewhat simplistic, but 
it is often used as a model for more general instances, 
where the switch is an Internet backbone, and where 
the different links to and from the switch are the bot- 
tlenecks; this model has already been studied in several 
papers [ l l ,  12, 6 ,  31. 

The bandwidth allocation is an important problem 
in distributed computing, and constraints are quite dif- 
ferent from those applying to the general Internet. In- 
deed, for a standard DSL line (2Mb/s), the bottleneck 
is the line itself, and the link between the provider and 

the backbone (often rated at 2.5Gb/s) is sufficient. On 
the contrary, grid sites have links which can be rated 
at  2.5Gb/s, and large bulk transfers between sites can 
take up to several days. Moreover, performance quickly 
decreases in case of congestion, since many packets can 
be dropped by the TCP/IP protocol. 

From the user point of view, any aborted transfer is a 
useless waste of (potentially scarce) computational and 
storage resources, which are reserved for a finite dura- 
tion. Thus, we have to choose which requests have to 
be accepted to ensure the best possible usage of the net- 
work. But, even if constraints are stronger for a com- 
putation grid than for the Internet, a better scheduling 
can be considered when all transfers can be forecast. 

Like many scheduling problems, most problems in 
this model are NP-complete, and we have to search 
for heuristics and approximation algorithms. The idea 
of reservation was already studied, by example by L. 
Marchal, P. Primet, Y. Robert and J. Zeng [ll], whose 
model consists of some ingress and egress links inter- 
connected over a well-provisioned WAN. Requests (i.e., 
files to send from an ingress link to an egress link) have 
to be chosen and scheduled. During the transfer of a 
file, the allocated bandwidth remains constant. How- 
ever, there is no practical reason to enforce this con- 
straint, and we should allow the bandwidth to change 
several times during the transfer, so as to give more 
flexibility to the scheduling algorithms. 

The rest of the paper is organized as follows. In sec- 
tion 2, the model and notations are detailed. Then we 
outline some interesting properties in Section 3. Com- 
plexity results are the core of Section 4. Due to lack of 
space, all proofs are omitted but can be found in the 
companion research report [a]. Algorithms and heuris- 
tics are given in Section 5, and experimental results 
are provided in Section 6.  Finally, we give some con- 
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clusions in Section 7. 

2 Model and problem definition 

We describe here the model and notations used in 
this work. Basically, our goal is to send some files (or 
requests) from ingress links (or sources) to egress links 
(or destinations) through a central switch, in order to 
maximize one of the two studied objective functions. 

Platform: We consider a switch, with a capacity Ctot, 
linked to p ingress links and p’ egress links. The j- 
th  ingress link has a capacity Cj (with 1 < j 5 p), 
and the j-th egress link has a capacity C; (with 
l 5 j  5 PI). 

Requests: We have a set of n requests to schedule. 
The i-th request, 1 5 i I n, arrives in the system 
a time ri E Q+ (its release date), it should be com- 
pleted before time di E Q+: di > ri (its deadline). 
It  has to be sent from the ingress link src(i) E 
(1,. . . ,p} to the egress link dest(i) E (1;. . . ;p1}. 
This request has a size (or area) Si E Q+ and a 
weight wi E Q’. 

Constraints: A schedule has to respect some con- 
straints to be valid: 

a request is either processed, or discarded: 
’di E (1;. . . ; n)! xi E (0; 1). Any valid sched- 
ule has to choose if the request i is processed 
(xi = 1) or not (xi = O), and then allocates 
an instantaneous bandwidth bi : R+ -+ Qf. 
Some requests may not be scheduled at  all, 
while some other requests may only be par- 
tially completed (in which case we will con- 
sider that they were not completed at  all). 
bi is a function, which is integrable over R+, 
bandwidth functions are non-negative func- 
tions: ’dt>OO:’di’i{l l ; . . . :n},bi(t)>O, 
deadlines are strictly enforced: W > di, Qi E 
{l; . . . n},  bi(t) = 0, 
a request cannot be processed before its re- 
lease date: ’dt < ri;’di E (1:. . . :n};  bi(t) = 0, 
we cannot exceed the capacity of an 
ingress link: Qt 2 0, ’dj � {I:. . . : p } ,  
C. z,src(z)=j . . b i ( t )<Cj ,  
we cannot exceed the capacity of an 
egress link: W > 0, Vj’ E {l, . . . ,pf}, 
Ci,dest(i)=jr bi(t) I Clr, 
we cannot exceed the switch capacity: W > 
0: C:=i bi(t) 5 Got, 

any chosen request has to be entirely pro- 
cessed: Qi E (1; . . . ; n): xi Jof’ bi (t)dt = 
xisi. 
This formulation allows a reqtiest to  begin 
without being finished. Such scenario has 
no interest in off-line scheduling strategies, 
but should be considered for online algo- 
rithms, where a new request can be preferred 
to one currently being processed. Note that 
if we don’t want to allow such scenarios, we 
simply write bi(t)dt = xiSi- 

Objective functions: Two different objective func- 
tions are studied: 

the number of requests that are processed: 
Cy=l xi; 
the profit generated by processed requests: 
EL1 xiwi- 

3 Some problem properties 

In this section, we prove some simplifying lemmas, 
which allow to focus on certain types of schedules, 
thereby reducing the solution space. 

3.1 Step functions are sufficient. 

So far, we have not specified any constraint on the 
form of the bi functions (except their integrability). 
Now, we show that we can suppose, without any loss of 
generality, that the his are step functions, with a small 
number of steps. 

Lemma 1. We consider a platform with a capacity 
Ctot, p ingress links (with respective capacities Cj) 
and p’ egress links (with respective capacities Ci). Let 
(bi)llil, be any schedule. Then we can build a sched- 
ule (b:)llil,, which realizes the same objective, and 
where the bi are step functions with at most 2n steps: 
the bandwidths only change when a request joins the 
system (release date) or when one is completed. 

3.2 Ingress and egress links of same band- 
width. 

Now, we want to specialize the bi functions in an- 
other way: a bandwidth can only take two different 
values, 0 or C. So, only one request can be sent in a 
given link, at a given time. 

Lemma 2. Consider a platform with p ingress links 
and p’ egress links, of same capacity C. Consider an 
unspecified schedule (bi, xi)l5il,. Then there exists a 
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schedule (bi)ll i ln of same  objective, such  that ,  a t  a n y  
t i m e  t and for every request i ,  b i ( t )  E ( 0 :  C ) .  

3.3 Satisfiability of all requests. 

Lemma 3. Consider  any  platform and a given subset 
of n requests. T h e n  we can determine,  in polynomial 
t i m e  in n, p,  and p’ (where p i s  the  n v m b e r  of ingress 
l inks and p’ the  number of egress links), whether  there 
exists a schedule which can process all these  requests. 
If such a schedule exists, we  can  find one  in polynomial 
t i m e  too. 

Let { t l :  . . . : t,) be equal to Uy=l{ri: di), with 0 5 
ti < . . . < t ,  (we have q I: 2 n ) .  We define to = 0 and 
tq+l = fee. Now we define: 

birl . . . ; bi,, the q different values of each bi func- 
tion. We have bi ( t )  = bi,, for t E [t,-1, t,[. 

a l : .  . . ;aq defined by a, = t ,  - t,-1. 

1 if dest(i) = j’ 
* y : , ,  : - - 0 :  ~ : , . : Y : , . = { ~  else 

Then our problem is equivalent to solve the following 
linear program: 

3.4 An upper bound on the optimal solu- 
tion. 

By using the previous result, we can deduce an up- 
per bound on the number of processed requests in 
an optimal solution, which will be useful to compare 
heuristics. 

Lelrauna 4. Let  IL.F consider a n y  plat form and a set  of 
,n possible requests. T h e n  we  can find a n  upper  bound 
o n  the  nvmber  of requests which can be integrally pro- 
cessed, in polynomial t i m e  in n, p and p’, by solving a 
rational l inear program. 

We will use this upper bound in Section 6 to assess 
the quality of our heuristics. 

4 Complexity results 

In this section, we study the difficulty of the schedul- 
ing problem by fixing or, on the contrary, by relaxing, 
some parameters, in order to see why our problem is 
difficult, and which variants are NP-complete or poly- 
nomial. 

4.1 Off-line model 

In this section, we assume that we know in advance 
when a request will be submitted and what its char- 
acteristics will be. We are therefore using the off-line 
model. 

4.1.1 Case where the switch has a total capac- 
it y Ctot 5 Cj : Cj. 

Here, we suppose that the total switch capacity is in- 
ferior to the capacity of any link. This assumption 
allows us to reuse many results on schedules for a sin- 
gle processor with preemption. We consider the off-line 
model, i.e., when the problem is entirely known before 
the execution of the algorithm. 

Lemma 5. Consider  a platform with a switch capac- 
i t y  inferior t o  the  capacity of each ingress o r  egress 
link. Then ,  the  maximizat ion of the  number of com- 
pletely processed requests (C x i )  o r  the  maximizat ion 
of t h e  profit (C W , X . ~ )  are identical t o  the  maximiza-  
t i o n  of the  number  of processed tasks o n  a single pro- 
cessor, wi th  preemption. Baptiste has  found a n  0 (n4)  
algorithm for 1 l r i ;pmtn l  C x i  [#I and a n  O ( n l O )  one  
for llr,; Sz = S ; p m t n l  C x , w i  [5]. Lawler has  shown 
that  the  1 lrz; pmtn l  C xiw,  case was pseudo-polynomial 

01. 

4.1.2 Switch of unbounded capacity and ho- 
mogeneous ingress and egress links 

Here we remove the constraint of the limited bandwidth 
of the switch. 

If all requests have same size, arrive at the same 
time and have the same deadline, the problem 
is polynomial. 

Lemma 6. Consider  a platform with  a n  infinite to- 
tal capacity, and wi th  links of the  same  capacity C.  
If all requests have same  size, same  release date, and 
same  deadline, t h e n  the  maximizat ion of t h e  number 
of integrally processed requests (C x i )  i s  a polynomial 
problem ( i n  n ) ,  and there exists a O ( n 2 )  algorithm t o  
solve it. 
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