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Abstract. The fundamental limits on channel capacity form a barrier
to the sustained growth on the use of wireless networks. To cope with
this, multi-path communication solutions provide a promising means to
improve reliability and boost Quality of Service (QoS) in areas that are
covered by a multitude of wireless access networks. Today, little is known
about how to effectively exploit this potential.

Motivated by this, we consider N parallel communication networks,
each of which is modeled as a processor sharing (PS) queue that handles
two types of traffic: foreground and background. We consider a fore-
ground traffic stream of files, each of which is split into N fragments
according to a fixed splitting rule (α1, . . . , αN ), where

∑
αi = 1 and

αi ≥ 0 is the fraction of the file that is directed to network i. Upon com-
pletion of transmission of all fragments of a file, it is re-assembled at the
receiving end. The background streams use dedicated networks without
being split.

We study the sojourn time tail behavior of the foreground traffic. For
the case of light foreground traffic and regularly varying foreground file-
size distributions, we obtain a reduced-load approximation (RLA) for
the sojourn times, similar to that of a single PS-queue. An important
implication of the RLA is that the tail-optimal splitting rule is simply to
choose αi proportional to ci − ρi, where ci is the capacity of network i
and ρi is the load offered to network i by the corresponding background
stream. This result provides a theoretical foundation for the effective-
ness of such a simple splitting rule. Extensive simulations demonstrate
that this simple rule indeed performs well, not only with respect to the
tail asymptotics, but also with respect to the mean sojourn times. The
simulations further support our conjecture that the same splitting rule
is also tail-optimal for non-light foreground traffic. Finally, we observe
near-insensitivity of the mean sojourn times with respect to the file-size
distribution.
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1 Introduction

Many of today’s wireless networks have already closely approached the Shannon
limit on channel capacity, leaving complex signal processing techniques room for
only modest improvements in the data transmission rate [7]. An alternative to
increase the overall data rate then becomes one in which multiple, likely differ-
ent, networks are used concurrently because (1) the spectrum is regulated among
various frequency bands and corresponding communication network standards,
and (2) the overall spectrum usage remained to be relatively low over a wide
range of frequencies [10]. The concurrent use of multiple networks simultaneously
has opened up possibilities for increasing bandwidth, improving reliability, and
enhancing Quality of Service (QoS) in areas that are covered by multiple wire-
less access networks. Despite the enormous potential for quality improvement,
only little is known about how to fully exploit this potential. This motivates us
to take a first step towards gaining fundamental insights regarding the implica-
tions of the choice of a splitting rule. In particular, we focus on the impact of
static splitting rules on file download times. To this end, we study the flow-level
performance of file transfers utilizing multiple networks simultaneously.

We study the splitting problem in a queueing theoretical context. Modeling
network performance using processor sharing (PS) based models [4, 22, 24] is
applicable to a variety of communication networks, including CDMA 1xEV-DO,
WLAN, and UMTS-HSDPA. In fact, PS models can actually model file transfers
over WLANs accurately [16], hence taking into account the complex dynamics
of the file transfer application and its underlying protocol-stack, including their
interactions.

The queueing model we consider is the concurrent access network model, see
Figure 1. There are N PS queues that serve N +1 file streams. Stream 0 is called
the foreground stream and streams 1, . . . , N are called the background streams.
Files of background stream i are served exclusively at PS queue i. Each file of
the foreground stream is fragmented (split) upon arrival according to a fixed,
splitting rule α = (α1, . . . , αN ) where

∑N
i=1 αi = 1 and αi ≥ 0, i = 1, . . . , N .

After splitting, the fragments are routed to their corresponding queues. Thus,
when a file of size B arrives at stream 0, a fragment of size αiB is directed
to each queue i. Once all fragments complete their service, the fragments are
reunited, and this completes the file transfer.

Consider a tagged file of the foreground stream that arrives to a network in
steady-state. Denote the sojourn time of its i’th fragment operating under the
splitting rule α by V

α
i . This is the time it takes the fragment to complete service

at queue i. Denote V α = (V α
1 , . . . , V

α
N ). The sojourn time of the file through the

network is Mα = max V α. Our purpose is to analyze the distribution of Mα and
choose a splitting rule α such that Mα is kept minimal.

Our probabilistic and load assumptions are as follows: Arrivals of files in
all streams are according to independent Poisson processes with rates λi, i =
0, 1, . . . , N . File sizes of stream i constitute an i.i.d. sequence of positive random
variables with finite expectation. The N + 1 sequences of file sizes are mutually
independent. Denote the mean file size of stream i by βi and ρi = λiβi i =
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Fig. 1. The concurrent access network

0, 1, . . . , N . We assume that processor sharing queue i operates at rate ci. For
the background streams and queues, denote the corresponding N dimensional
vectors ρ and c. We assume that ρ01+ρ < c. Here 1 denotes a vector of 1’s. This
condition ensures stability irrespective of our choice of splitting proportions.

The Splitting Rule α∗

Our main goal is to provide supporting arguments for using this simple splitting
rule:

α∗
i :=

ci − ρi
∑N

j=1(cj − ρj)
(1)

Note that ci − ρi is the unutilized capacity of queue i due to background traffic
and

∑N
j=1(cj − ρj) is the total unutilized capacity due to background traffic.

Observe that α∗ does not depend on ρ0.
To motivate this rule, consider the following heuristic argument: Observe that

each queue in isolation is a two class M/G/1 PS queue, allowing us to compute
means. It is well known (first shown in [18]) that the mean sojourn time of a job
of size B in a processor sharing queue with rate c̃ and load ρ̃ is:

E [Ṽ |B] =
B

c̃ − ρ̃
.

Assume now for simplicity that N = 2 and set α := α1 (1− α = α2). Now upon
arrival of a foreground job of size B we have

E [V1|B] =
αB

c1 − ρ1 − αρ0
, E [V2|B] =

(1 − α)B
c2 − ρ2 − (1 − α)ρ0

.

Equating the above quantities and solving for α we obtain α∗.
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Theoretical Contribution

For our theoretical results, we shall further assume that the distribution of
stream 0 files is regularly varying of index ν > 1. This means that the tail
of the distribution function has the form P (B > x) = L(x)x−ν , where L(·) is a
slowly varying function: L(ax)/L(x) → 1 as x → ∞ for any a > 0. We do not
require the background file sizes to be heavy-tailed, but do require that there
exist εi > 0 such that E [B1+εi

i ] < ∞, where we denote by Bi a generic random
variable representing the file size of background stream i.

Denote,

γα
m := min

i=1,...,N

(
ci − ρi

αi

)

− ρ0. (2)

Our key result is:
P (Mα > x) ∼ P (B > γα

mx). (3)

Here f(x) ∼ g(x) implies that limx→∞ f(x)/g(x) = 1. This is a form of a Reduced
Load Approximation (RLA) (c.f. [12], [3]) which appears in our network. It is
further evident that in this case, the splitting rule which maximizes γ

α
m is α∗

and thus we have the tail asymptotic optimality:

lim sup
x→∞

P (Mα∗
> x)

P (Mα > x)
≤ 1, ∀ splitting rules α. (4)

This tail asymptotic optimality of the design parameter α∗ is similar to the tail
optimality properties of scheduling disciplines discussed in [5].

In this paper we present a proof of (3) for the case of light foreground traffic.
In this case we set λ0 = 0 and assume that a single foreground job arrives to a
steady state system. We further conjecture that (3) is true for the general case.
Extensive simulation experiments demonstrate our conjecture to be true.

Related Work

In the context of telecommunication systems the concurrent use of multiple net-
work resources in parallel was already described for a Public Switched Digital
Network (PSDN)[9]. Here inverse multiplexing was proposed as a technique to
perform the aggregation of multiple independent information channels across a
network to create a single higher-rate information channel. Various approaches
have appeared to exploit multiple transmission paths in parallel. For example
by using multi-element antennas, as adopted by the IEEE802.11n draft [8] stan-
dard, at the physical layer or by switching datagrams at the link layer [6, 19],
and also by using multiple TCP sessions in parallel to a file-server [23]. In the
latter case each available network transports part of the requested data in a
separate TCP session. Previous work has indicated that downloading from mul-
tiple networks concurrently may not always be beneficial [11], but in general
significant performance improvements can be realized [14, 15, 17]. Under these
circumstances of using a combination of different network types in particular
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the transport layer-approaches have shown their applicability [17] as they allow
appropriate link layer adaptations for each TCP session.

In [13], the authors investigate the same queueing model in the context of web-
server farms. A slight difference is that they do not consider background streams.
The major difference is that they analyze the routing policy Join the Shortest
Queue (JSQ) while we concentrate on a splitting policy. Note that as opposed
to communication networks, splitting in the context of web-server farms is not
always possible. Other two related papers are [20] and [21]. In these papers the
author analysis a similar network but with FCFS queues and with probabilistic
splitting. We further refer the reader to [1], where the authors consider routing
policies of the model in a distributed vs. centralized optimization. In general our
queueing model falls within the framework of a fork-join queueing network [2].
To the best of our knowledge such a queueing network in which nodes are PS
queues have not been investigated.

Organization of the Text

The rest of this paper is organized as follows: In Section 2 we heuristically deduce
(3) and (4). In Section 3 we prove (3) for the light foreground traffic case and
conjecture it for the general case. In Section 4 we present our simulation results.
These results put a strong basis regarding our conjecture. They further show
”near insensitivity” with regards to file size distributions and exhibit the fact in
the case of light-tailed foreground file sizes our result does not hold. In Section 5
we discuss the relation between minimization of expected sojourn times and
minimization of tails.

2 Heuristic Derivation of the Proposed Splitting Rule

Denote by B a random variable distributed as the file size of the foreground
traffic files. Denote by Q

α
i (t) the number of files in queue i at time t, operating

under a splitting rule α. Define,

R
α
i (x) :=

∫ x

0

1
1 + Q

α
i (t)

dt,

this is the amount of service that a permanent customer obtains in queue i
during the time [0, x] when operating under the splitting rule α. Further denote
by Rα(x) the N dimensional vector of R

α
i (x). We have the following:

P (Mα > x) = 1 − P (Mα ≤ x) = 1 − P (V α ≤ x1) = 1 − P (Bα ≤ Rα(x)). (5)

The first and second equalities are trivial. The third equality is due to the fact
that in a processor sharing queue P (Ṽ > x̃) = P (B̃ > R̃(x̃)). Observe now that,

lim
x→∞

1
x

Rα(x) = c − ρ − ρ0α a.s.. (6)
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As a consequence, since for large x, Rα(x) ≈ (c − ρ − ρ0α)x, we can hope to
have that for large x:

P (Bα > Rα(x)) ≈ P (Bα > (c − ρ − ρ0α)x). (7)

Here we replaced the N dimensional random process Rα(x) by its asymptotic
value. Heuristically, such an equivalence should hold when Rα(x)/x converges
fast compared to the decay of the tail of B. In the next section we prove this
relationship holds in the light foreground traffic case and conjecture it also holds
in the general case.

Assuming (7) to be true and continuing heuristically from (5) we have:

P (Mα > x) ≈ 1 − P (Bα ≤ (c − ρ − ρ0α)x)

= 1 − P (B ≤ min
i=1,...,N

(
ci − ρi − ρ0αi

αi

)

x)

= P (B > γα
m x).

Where γ
α
m is given by (2). Thus we have heuristically arrived at our reduced load

approximation (3).
Observe now that maximizing γ

α
m minimizes P (B > xγ

α
m) for any x. As a

result, finding the tail optimal α means solving:

max
α

min
i=1,...,N

(
ci − ρi

αi

)

(8)

s.t.
N∑

i=0

αi = 1

α ≥ 0.

It is clear that an optimizer of (8) achieves the tail asymptotic optimality (4).
We now show that this solution is easily found to be α∗ as in (1).

Lemma 1. The unique solution of (8) is given by α∗.

Proof. For clarity denote fi = ci − ρi. Denote by α′ an optimal solution such
that (w.l.o.g.):

f1

α′
1

≤ . . . ≤ fN

α′
N

.

Observe that under α∗, the objective function is
∑N

j=1 fj . Thus optimality of α′

yields:
fi

α′
i

≥ f1

α′
1

≥
N∑

j=1

fj,

or,

fi ≥ α′
i

N∑

j=1

fj ∀i.
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Summing over i we obtain an equality thus equality also holds for each compo-
nent:

fi = α′
i

N∑

j=1

fj ∀i,

since the summands are non-negative. This shows that α′ = α∗ is the unique
optimal solution.

3 The Reduced Load Equivalence

For ease of notation of this section, we fix an arbitrary splitting rule and remove
the subscript/superscript α from all variables defined previously. Denote,

γi :=
ci − ρi − αiρ0

αi
,

and observe that as in (2), γm = mini=1,...,N γi.
The following lemma states conditions under which the RLA (3) holds for our

model. It is a direct application of results from [25] and [12]. See [3] for a survey.

Lemma 2. Assume that

max(
R1(x)
α1x

, . . . ,
RN (x)
αNx

) → max(γ1, . . . , γN ) a.s., (9)

and that there exists a positive finite constant Km such that

P (max(
R1(x)

α1
, . . . ,

RN (x)
αN

) ≤ x

Km
) = o(P (B > max(γ1, . . . , γN )x)), (10)

then we have the reduced load approximation (3): P (M > x) ∼ P (B > γmx).

Proof. Each of the processor sharing queues is a multi-class queue with two
classes: foreground and background. Since background file sizes have a 1 + ε
finite moment and foreground file sizes have a regularly varying distribution, we
apply Theorem 4.2 of [3] (originally from [25]) to obtain:

P (B >
Ri(x)

αi
) ∼ P (B > γix), i = 1, . . . , N. (11)

Now using the assumptions (9) and (10) we apply Theorem 1 of [12] to obtain:

P (B > max(
R1(x)

α1
, . . . ,

RN (x)
αN

)) ∼ P (B > max(γ1, . . . , γN )x). (12)

The rest of the proof is for the case N = 2 (the general case is more tedious but
not more complicated, it requires using the inclusion exclusion law for the union
of N events). First observe:
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P (M > x) = P (V1 > x or V2 > x)

= P (V1 > x) + P (V2 > x) − P (V1 > x, V2 > x)

= P (α1B > R1(x)) + P (α2B > R2(x)) − P (α1B > R1(x), α2B > R2(x))

= P (B >
R1(x)

α1
) + P (B >

R2(x)

α2
) − P (B > max(

R1(x)

α1
,
R2(x)

α2
)).

Now assume that γ1 ≤ γ2 and thus γm = γ1 and max(γ1, γ2) = γ2:

P (M > x)

P (B > γmx)
=

P (B > R1(x)
α1

) + P (B > R2(x)
α2

) − P (B > max(R1(x)
α1

, R2(x)
α2

))

P (B > γ1x)

=
P (B > R1(x)

α1
)

P (B > γ1x)
+

P (B > γ2x)

P (B > γ1x)

(
P (B > R2(x)

α2
)

P (B > γ2x)
−

P (B > max(R1(x)
α1

, R2(x)
α2

))

P (B > max(γ1, γ2)x)

)

.

Now,
P (B > γ2x)
P (B > γ1x)

=
L(γ2x)
L(γ1x)

(
γ2

γ1

)−ν

→
(

γ2

γ1

)−ν

,

and from (11) and (12) we have our result. The case of γ2 > γ1 is symmetric.

We are now in a position to establish the RLA (3) and the asymptotic optimality
of α∗. Our result is for the light foreground traffic case.

Theorem 1. Consider the concurrent access network in light foreground traffic:
there is a single foreground arrival to steady state with λ0 = 0. Then the reduced
load approximation (3): P (Mα > x) ∼ P (B > γ

α
mx) holds.

Proof. We apply Lemma 2: (9) follows from the SLLN. To see (10) observe that:

P (max(
R1(x)

α1
, . . . ,

RN (x)
αN

) ≤ x

Km
) = P (

R1(x)
α1

≤ x

Km
, . . . ,

RN (x)
αN

≤ x

Km
)

=
N∏

i=1

P (
Ri(x)

αi
≤ x

Km
)

Here we used the fact that under the light foreground traffic assumption all
queues are in steady state and there is a single arrival, thus Ri(·) are independent.
Now as proved in [12] (Theorem 2), each of the terms can be made o(P (B > x))
by choosing Km appropriately. Thus (10) is achieved.

Using this proof method to repeat the above for the non-light foreground traffic
case requires more care in obtaining (9) and (10). We conjecture that these
conditions indeed hold and thus:

Conjecture 1. Theorem 1 holds also in the non-light foreground traffic case and
thus the splitting rule α∗ is in general tail optimal.

In the next section we present simulation results that support the validity of this
conjecture.
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4 Simulation Results

We now summarize the results of some extensive simulations for evaluating
P (Mα > x) on some examples with N = 2. For convenience we denote α := α1

(1−α = α2), similary for α∗. With respect to the tail probabilities, our primary
purpose is to assert Conjecture 1 and the behavior of our tail optimality claim
(4) by estimating,

α∗(x) = argminαP (Mα > x), and P ∗(x) = P (Mα∗(x) > x).

In this respect, we attempt to observe graphically that α̂∗(x) → α∗ as x → ∞,
where we denote estimators by hats. In addition it is fruitful to look at the
relative suboptimality for a finite x when using α∗ instead of α∗(x). For this
purpose we plot:

P̂ (Mα∗ > x) − P̂ ∗(x)
P̂ ∗(x)

. (13)

In general, obtaining such results by simulation requires some long runs since
we are trying to optimize probabilities of a rare event. In addition, we use the
data of the simulation runs to analyze E [Mα], show that it is nearly insensitive
to the file size distributions and compare our splitting rule to the JSQ routing
policy.

In all runs we set β0 = β1 = β2 = 1 and c1 = c2 = 1. The types of file size
distributions we consider are deterministic, exponential, Erlang 2 (a sum of two
i.i.d. exponentials) and Pareto 3 (which is regularly varying with index ν = 3).
Here we take the case with support [0,∞), i.e. P (B > x) = (1 + x/2)−3. We
further parameterize the runs by the following:

ρ =
λ0 + λ1 + λ2

2
, κ =

1 − λ1

1 − λ2
, η =

λ0

λ1 + λ2
.

ρ is the total load on the system, κ is the ratio of free capacity and η is the
ratio of foreground to background traffic. These 3 values uniquely define λ0, λ1

and λ2. The table below specifies the parameters of the systems that we have
simulated.

System ρ κ η Distribution 0 Distribution 1 Distribution 2 (λ0, λ1, λ2) α∗

1 0.5 1.5 0.5 Pareto 3 Pareto 3 Pareto 3 ( 1
3
, 1

5
, 7

15
) 0.6

2 0.5 1.5 0.5 Pareto 3 Deterministic Deterministic as System 1 -

3 0.5 1.5 0.5 Pareto 3 Exponential Exponential as System 1 -

4 0.5 1.5 0.5 Pareto 3 Exponential Deterministic as System 1 -

5 0.5 1.5 0.5 Deterministic Deterministic Deterministic as System 1 -

6 0.5 1.5 0.5 Erlang 2 Erlang 2 Erlang 2 as System 1 -

7 0.5 1.5 0.5 Exponential Pareto 3 Erlang 2 as System 1 -

8 0.5 2.0 0.5 Pareto 3 Pareto 3 Pareto 3 ( 1
3
, 1

9
, 5

9
) 2

3

9 0.5 1.0 0.5 Exponential Exponential Exponential ( 1
3
, 1

3
, 1

3
) 0.5

Systems 1 through 7 all have the same rate parameters but vary in the file
size distributions. System 8 is an additional example of an unbalanced system
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having κ = 2.0 and thus α∗ = 2/3. System 9 is a balanced system which we have
simulated for some additional sanity checking: we expect symmetric behavior of
this system.

Simulation runs are composed of 5 × 107 foreground jobs, starting empty.
For each system we repeated the simulation for various values of α, using the
same seed for all values. We used a fine grid of steps of 0.005 for α within
the range of [α∗ − 0.10, α∗ + 0.10]. Outside of this range but within the range
[α∗ − 0.25, α∗ + 0.25] we used a grid of steps of 0.02. In the remaining region we
used a grid of 0.05. In addition we ran each system using the Join the Shortest
Queue (non-splitting) policy.

Per system we repeated over the above specified range of α using 50 different
seeds. Note that keeping the same seed while changing α is useful for optimizing
the behavior of the queue given a single sample path of primitive file sizes over
α. The total number of runs that we performed is about 30, 000 and the total
number of foreground jobs that have passed through the simulated system is
of the order of 1.5 × 1012. The simulations use a short and efficient C program
which we have coded.

4.1 Tail Behavior

Figure 2 is a representative view of our results. It is a plot of some of the
data collected in the simulation runs of System 4. We first estimate the tail

0.2 0.4 0.6 0.8 1.0
Α

5

10

15

� log P�MΑ�x�

Fig. 2. An illustration of our data analysis approach: System 4 as an exam-
ple. Dashed curves are plots of estimates of − log P (Mα > x) for x =
1, 2, 3, 5, 8, 11, 17, 25, 35, 48, 64, 85, 115, 160, 210, 270, 350, 500. These curves are maxi-
mized by the thick trajectory of α∗(x) which converges to the vertical line at α∗ = 0.6.
Clouds of optimizers over the 50 repetitions are plotted in order to present the disper-
sion in the argmax estimates. The convex dotted curve is the estimate of E [Mα] drawn
on the same scale.
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(a) Heavy-tailed foreground file sizes.
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(b) Light-tailed foreground file sizes.

Fig. 3. Graphs of (13), the relative distance from optimality for finite x: (a) Heavy-
tailed foreground file sizes. (b) Light tailed foreground file sizes.

probabilities P (Mα > x) for increasing values of x. These are plotted on a − log
scale (dashed lines). We then optimize these over α for increasing values of x. This
gives us the trajectory of α̂∗(x) (thick curve). Obviously, as x grows the accuracy
of this optimization is decreased due to the rarity of the tail event. We pictorially
depict this in the figure by plotting the clouds of the 50 (argmaxα, maxα) pairs
which result for increasing x’s, one pair per seed. The thin vertical line in the
figure is at α∗ = 0.6 and indeed, in agreement with the main conjecture and
claim of this paper, it appears as the limiting value of α∗(x). We further plot the
estimate E [Mα] with a dot for every α in the grid. We comment on the mean
in the next subsection.

Note that while Figure 2 shows that the argmax appears to converge rather
slowly in x, it is more important to observe that the relative error (13) is always
kept low. This can be observed in Figure 3a where we plot (13) for the systems in
which the foreground files have a heavy-tailed regularly varying service distribu-
tion. The same quantity for systems with light-tailed foreground files is plotted in
Figure 3b. Here it appears the relative error explodes. Thus suggesting that α∗ is
not tail optimal in the light-tailed foreground file size case. Note that the fact that
tail optimality of policies/rules is sometimes dependent on the tails of the primi-
tive distributions also appears in other similar works. See for example [5] and [21].

4.2 Mean Behavior

In Figure 4 we plot the estimated values of E [Mα] for systems 1− 9 for a range of
α values. We also mark the values of α∗ for the various systems by vertical dashed
lines and on these lines we dot the mean sojourn times that are obtained for the
systems using the JSQ routing policy. We note that at α∗, the width of 99% con-
fidence intervals for the mean (using 50 observations) are in the order of 10−4.

Some comments are due: First observe that in all these examples the following
applies:

E [Mα∗ ] < E [MJSQ].



200 G. Hoekstra et al.

0.4 0.5 0.6 0.7 0.8
Α1.0

1.2

1.4

1.6

1.8

2.0
Mean

Systems 1�7

System 8

System 9

Fig. 4. Mean sojourn time curves. Vertical lines are at α∗ = 0.5, 0.6, 2/3. Dots on the
vertical lines are mean sojourn times using JSQ for the corresponding systems.

Secondly, observe that minα E [Mα] ≈ E [Mα∗ ]. This is a key result: The
simple splitting rule that we propose (which is tail optimal) is nearly optimal
with respect to the mean. We further comment on this in the next section.

A third observation that appears from Systems 1−7 is that the mean sojourn
times (and mean queue sizes) are quite insensitive to the file size distribution.
This property of JSQ was first observed and heavily investigated in [13] (for
a system without background streams). Obviously using our file splitting rule
and taking α = 0 or 1 yields two multi-class PS queues which are known to be
exactly insensitive (one of the two queues is single class). When α 	= 0, 1 this is
no longer the case, yet the figure show that even when using α = α∗, the queues
are ”nearly insensitive”. It is important to note that in [13] the authors show
that not all routing policies have this ”near insensitivity” property (even though
a single PS queue is insensitive). Note that the ”magnitude” of the sensitivity
of our splitting rule is similar to that of JSQ: The maximum difference in mean
sojourn times due to the file size distribution is of the order of 4%.

5 Tail Behavior vs. Mean Behavior

Following Theorem 1 and Conjecture 1, we know that α∗ is a tail optimal split-
ting rule. In addition, as observed in Figure 4 it nearly optimizes the mean. We
now present two possible reasons for this ”buy one, get an approximate one for
free” relation between the optimization of the sojourn time tail and optimiza-
tion of the mean sojourn time. Explanation 1 below is specific to our model
and uses the asymptotic properties of the processes Ri(x). Explanation 2 that
follows presents a simple general result regarding performance analysis of tails
and means.
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Explanation 1. Fix an arbitrary splitting ruleα.DenoteR(x) := mini=1,...,N
Ri(x)

αi
.

Observe that R(x)
x → γm and R−1(x)

x → 1
γm

, where the convergences are a.s.
We have that P (M > x) = P (B > R(x)) and thus defining M(b) as the

sojourn time of a foreground file of size b, we have that M(b) = R−1(b). Define
μ(b) := E [M(b)]. Since the underlying queue is regenerative, the almost sure
convergence implies, μ(b)

b → 1
γm

as b → ∞. As a result, for large b:

μ(b) ≈ b

γm
. (14)

Thus selecting α such that γm is maximal minimizes μ(b) when b is large. It thus
also approximately minimizes the unconditional sojourn time E [M ] = E B[μ(B)]
where B is distributed as a foreground file size.

Further observe that the relation (14) is similar to the distinctive feature of a
standard processor sharing queue where the approximate equality is exact. This
property also sheds light on the near insensitivity of our system since for large
b it behaves similarly to a processor sharing queue.

A further observation is that the splitting rule α∗ ensures E [Vi] equal. We
know that E [M ] ≥ E [Vi] and also for a job of size b, we have E [M(b)] ≥
E [Vi(b)]. The auxiliary results we get for the reduced load equivalence suggest
that, especially for large jobs, E [M(b)] and E [Vi(b)] are not too far apart.

Explanation 2 Consider an arbitrary stochastic model parameterized by α. As-
sume that the choice of α induces a non-negative distribution 1 − Fα(x) with
mean μα. For simplicity assume that α is scalar and that 1−Fα(x) is absolutely
continuous. In the case of our model (for N = 2), α = α1 and the distribution
is that of the sojourn time.

Lemma 3. Assume that Fα(x) is unimodal in α and that Fα(x) and μα are
differentiable in α, then there exists an x > 0 such that

argminαμα = argminαFα(x)

The above result may be observed in Figure 2 where the trajectory of α∗(x),
appears to cross the dotted E [Mα] curve at its minimum. While typically finding
the x at which these two curves cross, is difficult and not of practical importance,
systems in which α∗(x) does not vary greatly in x will nearly optimize the mean
when optimizing the tail. This appears to be the case in our system. Since α∗(x)
trajectories do not vary greatly in x.

Proof. Denote α̃ a minimizer of μα. Denote μ′(α) = d
dαμα. Then we have μ′(α̃) =

0. We also know that μα =
∫ ∞
0

Fα(u)du. Denote F
′
(α, u) = d

dαFα(u) Combining
the above we have,

0 =
∫ ∞

0

F
′
(α̃, u)du,

Thus F
′
(α̃, u) is either constantly 0 or has to be both negative and positive and

thus there must be a ũ for which it equals 0. Thus since Fα(x) is unimodal in α
then for x = ũ it is optimized by α̃.
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[3] Borst, S., Núnez-Queija, R., Zwart, B.: Sojourn time asymptotics in processor-
sharing queues. Queueing Systems: Theory and Applications 53(1-2), 31–51 (2006)

[4] Borst, S.C., Boxma, O.J., Hegde, N.: Sojourn times in finite-capacity processor-
sharing queues. In: Proceedings NGI 2005 Conference (2005)

[5] Boxma, O., Zwart, B.: Tails in scheduling. SIGMETRICS Performance Evaluation
Review 34(4), 13–20 (2007)

[6] Chandra, R., Bahl, P., Bahl, P.: Multinet: Connecting to multiple IEEE 802.11
networks using a single wireless card. In: Proceedings of IEEE INFOCOM (2004)

[7] Cox, D.: Fundamental limitations on the data rate in wireless systems. IEEE
Communications Magazine 46(12), 16–17 (2008)

[8] IEEE Unapproved Draft Std P802.11n D3.00. Part 11: Wireless LAN Medium
Access Control (MAC) and Physical Layer (PHY), amendment 4: Enhancements
for higher throughput (September 2007)

[9] Duncanson, J.: Inverse multiplexing. IEEE Communications Magazine 32(4), 34–
41 (1994)

[10] Federal Communications Commission Spectrum Policy Task Force. Report of the
spectrum efficiency working group. Technical report, FCC-Federal Communica-
tions Commission (November 2002)

[11] Gkantsidis, C., Ammar, M., Zegura, E.: On the effect of large-scale deployment
of parallel downloading. In: WIAPP 2003: Proceedings of the The Third IEEE
Workshop on Internet Applications, Washington, DC, USA, p. 79. IEEE Com-
puter Society, Los Alamitos (2003)

[12] Guillemin, F., Robert, P., Zwart, A.P.: Tail asymptotics for processor sharing
queues. Advances in Applied Probability 36, 525–543 (2004)

[13] Gupta, V., Harchol Balter, M., Sigman, K., Whitt, W.: Analysis of join-the-
shortest-queue routing for web server farms. Performance Evaluation 64(9-12),
1062–1081 (2007)

[14] Hasegawa, Y., Yamaguchi, I., Hama, T., Shimonishi, H., Murase, T.: Deployable
multipath communication scheme with sufficient performance data distribution
method. Computer Communications 30(17), 3285–3292 (2007)



Optimal File Splitting for Wireless Networks with Concurrent Access 203

[15] Hoekstra, G.J., Panken, F.J.M.: Increasing throughput of data applications on
heterogeneous wireless access networks. In: Proceedings 12th IEEE Symposium
on Communication and Vehicular Technology in the Benelux (2005)

[16] Hoekstra, G.J., van der Mei, R.D.: On the processor sharing of file transfers in
wireless lans. In: Proceedings of the 69th IEEE Vehicular Technology Conference,
VTC Spring 2009, Barcelona, Spain, April 26-29. IEEE, Los Alamitos (2009)

[17] Hsieh, H.Y., Sivakumar, R.: A transport layer approach for achieving aggregate
bandwidths on multi-homed mobile hosts. In: MobiCom 2002: Proceedings of the
8th annual international conference on Mobile computing and networking, pp.
83–94. ACM, New York (2002)

[18] Kleinrock, L.: Time-shared systems: a theoretical treatment. Journal of the
ACM 14(2), 242–261 (1967)

[19] Koudouris, G.P., Agero, R., Alexandri, E., Choque, J., Dimou, K., Karimi, H.R.,
Lederer, H., Sachs, J., Sigle, R.: Generic link layer functionality for multi-radio
access networks. In: Proceedings 14th IST Mobile and Wireless Communications
Summit (2005)

[20] Lelarge, M.: Packet reordering in networks with heavy-tailed delays. Mathematical
Methods of Operations Research 67(2), 341–371 (2008)

[21] Lelarge, M.: Tail asymptotics for discrete event systems. Discrete Event Dynamic
Systems 18(4), 563–584 (2008)

[22] Litjens, R., Roijers, F., Van den Berg, J.L., Boucherie, R.J., Fleuren, M.J.: Per-
formance analysis of wireless LANs: An integrated packet/flow level approach.
In: Proceedings of the 18th International Teletraffic Congress - ITC18, Berlin,
Germany, pp. 931–940 (2003)

[23] Rodriguez, P., Kirpal, A., Biersack, E.: Parallel-access for mirror sites in the in-
ternet. In: INFOCOM, pp. 864–873 (2000)

[24] Wu, Y., Williamson, C., Luo, J.: On processor sharing and its applications to cel-
lular data network provisioning. Performance Evaluation 64(9-12), 892–908 (2007)

[25] Zwart, A.P.: Sojourn times in a multiclass processor sharing queue. In: Key,
P., Smith, D. (eds.) Proceedings of the 16th International Teletraffic Congress
- ITC16, Edinburgh, UK, pp. 335–344. North-Holland, Amsterdam (1999)


	Optimal File Splitting for Wireless Networks with Concurrent Access
	Introduction
	Heuristic Derivation of the Proposed Splitting Rule
	The Reduced Load Equivalence
	Simulation Results
	Tail Behavior
	Mean Behavior

	Tail Behavior vs. Mean Behavior
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




