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Abstract— Protocols such as TCP require packets to be ac-
cepted, i.e., delivered to the receiving application, in the order
they are transmitted at the sender. Packets that arrive at
the receiving host may be mis-ordered for reasons such as
retransmission of dropped packets or multi-path routing. In
order to deliver the arrived packets in sequence, the receiver’s
transport layer is responsible to temporarily buffer out-of-order
packets and to resequence them as more packets arrive. In this
paper, we analyze a model where the mis-ordering is caused by
multi-path routing. Packets are generated according to a Poisson
process. Then, they arrive at a disordering network modelled by
two parallel M/M/1 queues, and are routed to each of the queues
according to an independent Bernoulli process. A resequencing
buffer follows the disordering network. In such a model, the
packet resequencing delay is known. However, the size of the
resequencing queue is unknown. We derive the probability for
the large deviation of the queue size.

I. INTRODUCTION

Reliable transport protocols such as TCP requires packets
to be accepted, i.e., delivered to the receiving application, in
the order they are transmitted at the sender. Packets that arrive
at the receiving host may be mis-ordered for several reasons,
for instance, retransmission of dropped packets, or multi-path
routing. The transport layer at the receiver is responsible to
temporarily buffer out-of-order packets and to resequence all
packets, as a result, delaying some of them. In our earlier paper
[12], we model packet mis-ordering by adding an 11D random
propagation delay to each packet and derive simple expres-
sions for the required buffer size and the resequencing delay.
We demonstrate that these two quantities can be significant
and show that the resequencing problem becomes worse as the
link speed increases. In this paper, we analyze a model with
correlated delays where the mis-ordering is caused by multi-
path routing. Packets are generated according to a Poisson
process. Then, they arrive at a disordering network modelled
by two parallel M/M/1 queues, and are routed to each of
the queues according to an independent Bernoulli process. A
resequencing buffer follows the disordering network. In such
a model, the packet resequencing delay is known. However,
the size of the resequencing queue is unknown. We derive the
probability for the large deviation of the queue size.

This paper is organized as follows. In Section I, we describe
the resequencing model and give the main theorem of the
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paper. We also discuss the relation of this study with previous
studies. Sections Ill, IV and V constitute the bulk of the
paper, which is a proof for the main theorem. We show some
implications of the theorem in the concluding section, VI.

Il. THE MODEL AND THE MAIN RESULT

The detailed network and resequencing model is shown
in Figure 1. Sequentially-numbered customers (or packets)
arrive at the disordering network (DN) according to a Poisson
process with rate A. Each customer either enters queue 1
with probability p, or enters queue 2 with probability 1 — p,
independent of other customers. Then, the arrival processes to
the queues in the DN are independent Poisson processes with
rate \;, ¢ € {1,2}, where

Disordering Network

Fig. 1. Network and resequencing model

The service times for the customers at queue i are 11D
exponentially distributed with mean 1/u;, i = 1,2. Hence,
we have two M/M/1 queues in the DN. Due to the multi-
path routing, customers may be disordered after the DN. They
are resequenced at the resequencing queue (RSQ) that follows
the DN. Customers immediately leave the RSQ after they are
properly resequenced. That is, customer ; leaves the RSQ as
soon as all customers i < j have arrived at the RSQ. Note that
the server of the RSQ is assumed to have infinite processing
capacity. We are interested in computing the stationary queue
size of the RSQ. Let ¢" be the stationary size of the RSQ. The



main result of this paper is the following theorem. Without the
loss of generality, let us assume gy — A\; < o — Ao. Then,
Theorem 1:

%logP{q"( ) > n}
- max{log Ax+ 11 A’ 1+/;41):i3};;2] A2) 2} (1)

The studies that deai with paci<et mis- ordermg due to
multi-path routing (also including parallel processing or load
balancing, etc.) typically analyze an open queueing network, of
which the model in Figure 1 is a special case. In some models,
a FIFO queue follows the resequencing buffer. The DN is
also modelled as a queueing system, whose type typically
distinguishes different studies. For instance, the DN is an
M/M/oco queue in [9], an M/Gl/oo queue in [6], a GI/Gl/oo
queue in [1], an M/M/2 queue in [11], an M/M/K queue
in [13], an M/H5/K queue in [3], an M/M/2 queue with a
threshold-type server assignment policy in [7], two parallel
M/M/1 queues with additional fixed propagation delays in [5],
and K parallel M/GI/1 queues in [8]. A survey is given in
[2]. Most of these studies are concerned mostly with finding
the distribution and/or mean of the resequencing delay or
end-to-end delay. Several also give results about the number
of packets in the resequencing queue. Among the previous
studies reviewed here, the most relevant one is [8], where the
DN consists of K parallel M/GI/1 queues. In [8], Jean-Marie
and Gun derive the distribution of the resequencing delay. In
contrast, our results are (i) for the resequencing queue size,
(ii) of the large-deviation type, and (iii) for the 2-M/M/1-queue
case.

In the remaining part of the paper, we will prove Theroem 1.
The proof is a formalization of the following line of thoughts.
Suppose the oldest customer in the DN is C, and is being ser-
viced at queue 1 in the DN. We wish to find out the probability
that the RSQ has at least n customers. The customers in the
RSQ must all arrived at the DN after C',., and all went through
queue 2 in the DN during the time C, spent in queue 1, which
is (roughly) an exponential random variable, independent of
the queue 2 process. Therefore, the probability that the RSQ
has at least n customers is the same as the probability that at
least n customers arrive at queue 2, an M/M/1 queue, and
at least n of those customers depart the queue during an
exponential random time T that is independent of the queue
2 process. There is also the symmetric case where the oldest
customer is in queue 2 and all customers in the RSQ come
from queue 1. In Section 111, we set up the two different cases
and write the quantities to be computed. In Section IV, we
compute the key quantity, P{M (T") > n}, where the function
M (t) is the number of those customers who arrived at the
M/M/1 queue on the interval [0,¢] and who departed by time
t, and T is an exponential random variable independent of
the M/M/1 queue. In Section V, we combine results of the
previous two sections and give the proof for Theroem 1.

lim,, oo

I1l. THE SETUP

At time ¢, let V(¢) be the event {the DN is empty at time
t}. If V(t), let C.(¢) be the oldest customer in the DN, let

W, (t) be the time C.,(¢) has spent in the DN, and let I, (¢) be
the queue in the DN which C.(t) goes through. For n > 0,
let

E(t,s,n) = {at least n customers arrived at the DN

on the interval (¢ — s, ], out of which
at least n have left the DN by ¢}

Let the size of the resequencing queue (RSQ) at time ¢ be
q"(t), and let ¢;(¢t) be the size of queue ¢ at time ¢, where
it =1or 2. Then, for n > 0,

P{q'(t) > n} = P{V(t) and E(LW.(H),n)} ()

We explain the above equality in words. When the RSQ size
is greater than or equal to n, where n. > 0, it must be waiting
for some customer still in the DN. In particular, the next
packet gap the RSQ is trying to fill is C.(t). The customers
in the RSQ are exactly those who arrived at the DN later
than C.,(t), but who have left the DN by time ¢. We are
interested in computing lim;—,o. P{q"(t) > n}. Alternatively,
let us assume all relevant processes are stationary.

Let us extend the definition of W.(t), W.(t) = 0 if V(¢).
Then, when n = 0,

P{q"(t) >n} =1

P{V(t) and E(t,W,(t),n)}
= P{BE(t,W.(t),n)|[V()}P{V(t)} = P{V(t)}

P{V(t) and E(t,W.(t),n)}
= P{E@t,W.(),n)[V()}P{V(t)} = P{V (1)}

Hence, for n = 0,

P{q"(t) = n} = P{E(t, W.(t),n)} @)
For n > 0, (3) is still true because

P{V(t) and E(t, W.(t),n)}
= P{ERGO)VOIP{V(H)} =0

Note that, because customers are served on first-come-first-
serve basis in each of the queues, the oldest customers in the
non-empty DN must be in service at one of the queues. If
queue ¢ is not empty, i € {0,1}, let W,(t) be the duration
for which the customer in service at queue 4 has stayed in the
queue. If queue < is empty, let W;(¢) = 0. By using a simple
reversibility argument, W;(¢) has the same distribution as the
waiting time in queue 4 (not including the service time) by an
arbitrary customer. This distribution and the density are (page
213 in [10]), for = > 0,

Fiv,(z) = PAW;(t) <z} = 1 — pje~ w2z (4)
fw, () = (1 = p)d(z) + Ni(1 = pye —(pi—=Xi)z ©)

where p, = A;/u;, and é(x) is the Dirac delta function,
representing the point probability mass at z = 0. We will
occasionally omit the dependency on ¢ for brevity.



Let M;(t, s) be the number of those customers who arrived
at queue 7 on the interval (¢ — s,t] and who departed by time
t. Note that for n > 0,

P{My(t, W (t)) > n | Wi(t) = Wa(t) = 0}
= P{M(t,0)>n | Wi(t) = Wa(t) =0} =0

Also,
P{W1(t) = Wa(t) #0} =0

Therefore,

P{NL(t, W.(t)) > n | Wi(t) = Wa(t)}
P{Wi(t) = Wa(t)} =0

Then, for n > 0,

P{q"(t) = n}
= P{E(t,W.(t),n)}
P{N(t, W, (t)) > n | Wy(t) > Wy(t)}
P{W1(t) > Wa(t)}
+P{ M (t, W, (t)) > n | Wa(t) > Wy(t)}
P{Wa(t) > Wi(t)}

This can be explained as follows. If Wy (t) > Wh(t), then the
oldest customer, C.(¢), in the DN must be in service at queue
1. Hence, Wy (t) = W.(¢). All customers who came to the DN
after C,.(¢) and who have left the DN by time ¢ must have
been routed to the RSQ via queue 2.

For n > 0,

P Wa(6) > 1 | Wa(t) > Wa(t)}
/O PN (L, 5) > n | Wi(t) = s, Wi () > Wa(t)}

+

'fW1\W1>W2 (S)ds

/: P{My(t,s) >n | Wi(t) = s, Wy(t) < s}

'le\W1>W2 (S)ds

— /OOO P{Ms(t,s) >n | Wa(t) < s}

+

o wr sws (8)ds (6)

In the above, fuw, w,>w,(s) denote the conditional density of
Wi (t) given {Wy(t) > Wa(¢t)}. In the last step, we used the
fact that the two queue processes are independent. Note that,
in the integral, the (conditional) probability mass at s = 0
does not contribute to the probability on the left hand side.

We will compute the conditional density by starting with
the joint probability. For « > 0,

P{Wl > ZL’,Wl > WQ}
—(p1=A1)z H1— A

M1 — A1+ fo — Ao
—(p1—=A14p2—A2)z (7)

= pie — P1P2

€

From (7), we have

P{Wl > WQ} = P{W1 > 0,W1 > WQ}
MM

11— A1+ pe — Ao

= pP1— p1p2
From (7) and (8), we get the conditional density for = > 0.

fwiwy>w, (2)
_ Kle—(/h—/\l)ﬂ? _ Kze—(lh—/\l-i-uz—)\z)w (9)

where K and K are constants, given by,

- A
K, = M1 1)\
1— 02 11— A1
p1—A1+p2—A2
_ p2(p1 — A1)
Ko = p1—A1

L= P2 p1—A1+p2—A2

Note that the second term in (9) decays much faster than the
first term. If we ignore it, the conditional probability density
decays exponentially.

Next, we will bound (6) from above and below.

oo

. P{MQ(t,S) >n | Wa(t) < s}fw,wy>w,(s)ds

N gy miwiws (5)
_ /O Pt ) 2 0 Wa(t) < shpp s

oo

9 le\W1>W2 (S)
. P{Ms(t,s) > n}iP{Wg(t) — 0}

1 . P2 /o P{M(t,5) = n} fw, jwisws (s)ds - (10)

For a lower bound,

IN

ds

/0 Pt ) > | Walt) < s} fun s ()ds

+

B o0 . Jwiwisws (s)

= [, PUL(Ls) 2 nWa(t) < s} pap o= ds
> . P{My(t,s) > n, Wa(t) = 0} fw |y >w (s)ds
_ : P{Ly(t,5) > n. gs(t) = 0}

S wrsws (8)ds (11)

In the next section, we will prepare to compute the upper
and lower bound.

IV. COMPUTATION OF P{M(T) > n}

In this section, we consider a stationary M/M/1 queue whose
arrival rate is A; and whose departure rate is p;. We assume
A1 < p1 SO that the queue is stable. Let 7" be an exponential
random variable independent of the queue process with mean
1/(u2—A2), where A2 < po. Let M (¢) be the number of those
customers who arrived on the interval [0, ¢] and who departed
by time ¢. We wish to compute P{M(T) > n} for large n.
The main result of this section is Theorem 2.



Theorem 2:

lim 1 log P{M(T) > n}

n—oo N
logW ?f H1— A1 > 2 — A2 (12)
log tr ez 11— <pp— Ao

Lemma 3:

lim 1 log P{M(T) > n,q(T) = 0}

n—oo N
)\ -
log W if 1 — Ay > p2 — 2 (13)
2 .
S ovemneerms ey LN Cl A1<“2*A2

Proof: This is an intermediate step in the proof of lower
bound for Theorem 2. |
In the next two subsections, we will prove the Theorem
2. We will frequently use the following fact. For ¢ > 0 and

integer £ > 0,
Fact 4.
[ =y (14)
0 k! a
A Caseoful—)\l Z/.Lg—/\g
1) The Upper Bound:
P{M(T) > n}
< P{the number of customer arrivals on the
interval [0, 7] is at least n} (15)

e~ Mt )\ t)k
= Z/ 1 (M2—>\2) —(p2=A2)t gy

e~ (Aitpa— Xz)t()\lt)

= Z(Mz - >\2)/ I dt

kn 0

_ Z P2 = A2 Al iz
/\1+u2—)\2 )\1+M2 A2

A
o H2 — A2 ()\1+M;*>\2 )"
- _ A
At — A1 — 7/\1+u;—/\2
A1
=
AL+ 2 — A2

2) The Lower Bound: Suppose, as n gets large,

oo =\t )\ t n
/ — )‘(Mz — Ag)e~ (2=t qy
0 n!
efklt()\lt)n
~ _ —(n2—X2)t
~oma— (2 — AgJemE

in some sense. It can be shown easily that the integrand is
maximized at,

to = n/(/\1 + Ug — /\2) (16)

This information will be useful in the proof for the lower
bound.

Let ¢(t) be the queue size at time ¢. Let D(t) be the number
of departures on the interval [0, ¢].

P{M(t) = k}
= ) P{M(t) = klq(0) = m}P{q(0) = m}
m=0

AVAT
- =
[
T D
—_ =
v v
—_
O T
—
~

=0[q(0) =0} (17)

From [4] (page 199),

P{D(t) = k,q(t) = 0]q(0) = 0}

_ — (1+1) P1 2heti— (A1 +pr)t
B k'k+z+1 Mkt e
)\ e Mt SN 14 ;
_ ( 1 ) € —"_Z (ult)k-‘rze—ult
k! ~ (k+i4+1)!
1 (Alt)kei)\lt > 1 k+i —puqt
> t g 1231
R S TR Tyt e
1 (Alt)ke_)\lt
k+1 k! Y = k} (18)

where Y, is a Poisson random variable with mean 1.
Now, with the definition of ¢, as in (16),

P{M(T) > n}
> P{M(T)>n,T >t,}
> P{M(t,) >n,T >t,}
= P{M(t;) > n}P{T > t,} (19)
= > P{M(t,) = k}P{T >t,} (20)
k=n

The equality in (19) is because of independence between the
gueue process and the random variable 7'. Then, by (20), (17)
and (18),

P{M(T) = n}
=1 (Mtg)keMte
> (1—
> =) ) Kl
k=n
.P{Y(mto) > k}ei (p2—XA2)to
L (Ait) e Mt
> (I—p1) (uto)"

n+1 n!

'P{Y(mto) > n}e—(uz—/\z)to (21)

We will show P{Y{,,,) > n} is greater than a constant as n

tends to infinity. By the definition of ¢, and by the assumption
— A1 2> pig — Ag,

251

— _a>n
AL+p2— A2 T

Nlto =

Let n, = [p1to]. Then, n, > n. Let X1, Xs, ..., X,,, be IID.



Poisson random variables with mean 1. Then,
X1+X2++Xno n

P{Y(Hlto) > n} > P{ " > TT}
X1+ X .
> P{ 1+ Xo+ ...+ o> 1}
No
X1+ X vt X, —
_ P{ 1+ Xo+ + Mo No Z O}
/Mo Mo
By the central limit theorem,
X1+ Xo+ ...+ X, —no
lim p{it 22t An, T o gy

Viiov/s -
1

Therefore, for any e > 0, there exists some integer N > 0
such that for all n > N,

1
P{Y{(1t,) = n} 2 5 € (22)

Continuing from (21), for all n > N,

P{M(T) > n}
n 7)\1t

By the Stirling’s approximation,
"e"(1+0(1/n))

e (H2=A2)to

n! =+v2mnn
For n large enough,
n! < 2v27nn"e "
Therefore, for large enough n,
P{M(T) > n}

10— (-2 o

A1 +,u2—/\2)

n

Y

(

n+1
.n” exp(— fo — Ao .
A1+ p2 — Az

YETTETTi) a
V2rnnne—n
_ (I=p1)(A—2¢) A1 o
424 1) AL+ p2 — A
B. Caseof u; — A\ < g — Ao
1) The Lower Bound: By (17) and (18),

P{M(T) > n}

Am§:u—pnpuxw

k=n
(H2 — Az)e

> (1=p1)(p2 — A2)
()\ﬁ)n — A1t

T
n+1

= (I=p1)(p2 — A2)
M (pgt)rert

./Oo (A1t)"e” "
0 n! n!

(23)

Y

= k,q(t) = 0[q(0) = 0}

—(p2=22)t 1y

n+1
P e

e (H2=22)t gy

1 (2n)!! Oupin)"

1— - A —
(1= p1) 2 = A2) e
0 t2n67()\1+#1+,u2*>\2)t
./0 (2n)!
— A2 1

A+ ope —
1

(A1 + 1+ p2 — Xo)2n
By the Stirling’s approximation, for large enough n,

dt
(2n)!

= 1 —
( p1) Ao n+1 nln!

()"

(2n)! _ Varn(2n)?"e 2" (1 + O(1/n)) < G,
il (Vamn(ye (14 O(L/m))? ~ Vi

for some constant C; > 0. Therefore,

P{M(T) > n}
H2 — A2

> Ci(1—-
2 Gl pl)A1+M1+M2—/\2
1 4)\1#1
Vi(n+1) (A + pn + p2 — A2)?
2) The Upper Bound: The computation for the upper bound
in the previous case does not work here. To see the reason,

consider the integral in the lower bound calculation. Suppose,
as n becomes large,

/OO ()\lt)ne—)\lt ('ult)ne—ult
0

n! n!

" (24)

e~ (H2=A2)t 1

~ max (Aat) e Mt (/th)neiﬂlte*(lmf)\g)t
t>0 n! n!

It can be shown easily the above maximum is achieved at

2n
t, = 25
A1+ p1+ p2 — A2 (25)
Note that when 11 — A1 < 2 — Ao,
2
mito = fan <n

AL+ g — A

Therefore, {Y(,,+,) > n} is a large deviation type of event
instead of an event with constant probability, as n becomes
large. It is not tight enough to bound P{M (t) > n} from
above by only looking at the arrival processes, as was done in
(15).

P{M(t) = n}

P{at least n customers arrived on the interval
[0,¢], and at least n customers are served on
the same interval}

)\1t
Alt P{ZX <1

IA

o0

%

k=n

where {X, Xo,...,X,,} are IID service times. The sum
>, X, has the Gamma distribution with density,

(26)

et (o t)" !



Hence,

P{M(T) > n}

Z/ e Mt )\115

/

IA

pae ’“T(uﬂ) -

(n—1)!

dr(p2 — X2)e™

/1.2 AQ)tdt

00 oo 00 —(A1+pz—A2)t Mt k
€
k=n"0 T :

e—ulT(MlT)n—l
(n—1)!
Let ¢ = 7 + u. The above becomes,

P{M(T) = n}

fa (2 —)\2);/0 /0

67()\1+/¢27)\2)(7'+u) ()\1(7_ + u))k

dr

IN

e (pyT)

n—1

oS [

e~ (Aitpa—Az)u Z

=0 z'(k z)'u T

i-k—1

k!
67(A1+u1+u27>\2)7(u17)n71

(n— 1)!
k

= pi(p2 — A2) Z)\’fz )

=n =0

6 ()\1+[L2 )\g)uuz
0 0 1.

e—()\1+}tl+#2—>\2)77k—i(MIT)n_
(n—1)!

= (p2—=A)ui YA

k=n

dr

1

k

1 1
2 (k‘ — 7,)' ()\1 + Ho — )\Q)H'l

1=

/
oo k
= (M2*/\2)M7fz>\}fz ((k:

k=n =0

1 1

e_(Al +p1 +/L2—>\2)‘r7.n—1+k—i
(n—1)!

dr

dr

(n—1)!

du

1+k—i)!
i)l(n—1)!

(A1 + p2 = A2)" (A + g+ p2 —

H2 — A2 M1

Sy
=Mt e = A
k

2

n—l—i—k—z)

AL+ p2 — A /\1+u1+u27/\2)

n

)\2)n+k7i

A4+ e — Ay

N(n—1)!

i=

A1+ 2 = A2

dr

(@7)

Fori=0,1, ..., k, define
L (n=14+k—1)!
ok ) = S = im =)
Let
5= A1+ 1+ pe — A
A1+ g — A
Note that for p1 — Ay < o — Ag, B < 2.
alk+1,i) n4+k—i 1+k+12
a(k,q) 20k +1—1) 2
Then, for each fixed 7 € {0, 1, ..., k},
alk+1,4) [ >1 ifk<n+i—2
a(k,i) <1l ifk>n+i-2

Therefore, a(k, i) is maximized at k = n +i — 1 for each i 1.
Then,

(2n —2)!
(n —1)!(n — 1)l2n+i-1
Then, the sum in (27) index by ¢ becomes,

aln+i—1,i) =

)\1+M1+M2—>\2

k
(n—l—i—k—z)
k
= QkZa(k,z)ﬁz
=0
e 22n-2) B
< 2 a2

=0

2(2n — 2)! 5
m Z 3

2(2n — 2)! 2
(n—Dl(n-1)12-0
The infinite sum above is finite because 5/2 < 1. Going back
to (27), we get,

P{M(T) > n}
4(p2 — A2) (2n —2)!
T (2=0)(M +p2—A2) 2 (n—1)I(n—1)!

2k—n

IN

k—n

M1 n 2M k
()\1+M1+M2*/\2> ;L(/\lJrulJruQ*)\Q)
Apz — A2) (2n —2)!
Mo — )\2 — (/Ll — )\1) 2"(11 — 1)'(TL — 1)'
( M1 n
A1+ 1+ e — A
201 n 2\

.)\1+,u1+u2*>\2 _>\1+u1+ﬂ2*)\2)
The above sum is finite because, for u; — A1 < s — A2 and
A1 < u1, we have
2)\1
A1+ 1+ g2 — Ao

<1 (28)

1We assume that n is large enough when necessary. In this case, n > 1.



Next, Stirling’s approximation yields,

(2n)! _ VArn(2n)*e (1 + O(1/n))
n!n! (V2rn(n)re=(1 + O(1/n)))?
g-%ﬂ (29)

for some constant Cy > 0. Hence, for some other constant
Cy > 0, we have,
G bum

<
TV (A2 — Ae)?
V. PROOF OF THEOREM 1

n

P{M(T) > n}

We will combine the results of the previous two sections
and prove the main theorem. We wish to show that, without
the loss of generality, when 11 — Ay < s — Ag,

lim,, .o = log P{q"(t) > n}

4N
B) (A +p1+p2—Ar2)? }

= max{log >\2+23—A1 ,1o (30)

Proof: Start with (11).

P{Ma(t,s) = n | Wa(t) < s}hfw, wy>w, (s)ds

0+

> . P{My(t,s) > n,qa(t) = 0} fovyjwi >w (8)ds
= o P{M3(s) > n,q2(s) = 0} fw, jw, >w, (8)ds

= KI/ P{My(s) > n,qa(s) = 0}~ W17 )35
0

— Ky /000 P{M>(s) > n,qa2(s) =0}

e~ (M= Atpa=A2)s g 31)

where K7 > 0 and K5 > 0 are some constants. In the above,
we used the fact the conditional density of W given {W; >
Wy} takes the form as in (9). By Lemma 13 with suitable
substitution of variables, since

fo — A2 < p1 — A1+ p2 — A2

the second term in (31) gives

Jim ~log [ PUL(s) 2 n.aa(s) =0}
.e—(ﬂl—A1+uf—AﬂSd5
4o pi0
(A2 + p2 + p1 — A1+ p2 — A2)?
4o 1o
22 4 p1 — A1)?

The first term in (31) gives

> log

(32)

> log
- (

lim 1 log/ooO P{M3(s) > n,q2(s) = 0}

n—oo N

e~ (m=A)s g

{log,wi’f_,\l if o — Ao > 1 — M

. 33
|fﬂ2*)\2<,u,17)\1( )

4)\2/L2
log (Ao4p2+pi—Ai1)?

Now,
A2
A2+ p1— M
_ 4o p10
 Adape +Apipe — AN po
4o pi2
(2u2 + p1 — A1)?
_ 4o p10
A3 + A pro — Ape + (1 — Ap)?
Hence,
A2 S 4o 1o
A2+ pr— A T (2p2 + p — Ar)?
Also, because Ay < o,

Ao o 412
(A2 +p2 +p1 = A1)? 7 (2p2 + 1 — A1)?
Therefore, we can ignore the contribution from (32) when
considering the lower bound. Then, (33) gives the correct

lower bound. Using similarly argument and by Theorem 2,
we get

limy, 00 %IOg f()of P{MQ(ta S) 2 n}fwl\W1>W2 (S)ds
{ if o — Ao > 1 — A

A2
log Ao+p1—A1
4Aop2

(34)
108 (s Fh b1 =307

ifﬂQ—A2<M1—>\1

Note that
P{Mg(t,s) >n}
= P{My(t,s) >n | Wy(t) < s}P{ Wa(t) < s}
+P{My(t,s) >n | Wa(t) > s}P{ Wy(t) > s}

)
> P{Mg(t, s) >n | Wa(t) < s}

Hence, (34) is an upper bound of

oo

P{Mg(t,S) >n | Wa(t) < s}fw,jw,>w,(s)ds

o+
Since the upper and lower bound agree with each other, by
(6), we get

limy, oo L log P{NMy(t, Wi (t)) > n | Wi(t) > Wa(t)}

_{logh_ﬂ)ﬁ_h if o — Ao >y — A\
To determine P{q"(t) > n} for large n, we also need to

108 oty ifpe = <pi— N
compute P{M, (t, W.(t)) > n | Wa(t) > Wi(t)} (See (6)).
By symmetry,

(35)

lim,, o0 + log P{My(t, W,(t)) > n | Wa(t) > Wi(t)}

|

When pp — Ay < pe — A2, combining (35), (36) and (6), we
get (30). ]

if g — A1 > po— A
ifulf)\1<u27)\2

A1
log A1+ —A2
41

(36)
log (ArFp1+p2—Xr2)?



V1. CONCLUSION

Some remarks about Theorem 1 are as follows. When, A\; =
A2 and p11 = g,

1
lim —log P{q"(t) > n} =logp
n—oo N
When 117 — A1 = pp — Ag,

1 X
lim —log P{q"(t) > n} = max{log p1,log pa}
n—oo N

Like all GI/GI/1 queues, the resequencing queue size de-
pends on the arrival and departure rates through a dimension-
less parameter. This implies that the resequencing queue size
does not change with the link speed of the network, assuming
the traffic characteristics are not altered by the technology
change. This is in contrast with the models from our previous
paper [12], where the improvement of network speed worsens
the packet resequencing problem in terms of both the queue
size and the delay. In the current model, there can be many
ways to produce the large resequencing queue size, which, in
general, depends on parameters for both queues in the DN.
An interesting observation is that it can be large even when
the queue sizes in the DN are both small. This occurs when
the two disordering queues are “mismatched”. For example,
suppose pu; = 2X; for ¢ = 1 and 2. Hence, p1 = po = 1/2,
and for i =1 and 2,

1 1
lim —log P{¢;(t) > n} = log 5
n—oo n

Suppose Ay = 10A;. Then,

1 10

lim —log P{q"(t) > n} =log —

Jim —log P{¢"(t) 2 n} = log -
In Figure 2, we show the simulation results for P{q" = n}
and compare them with the analytical results in Theorem 1.

In Figure 2 (a), the parameters are chosen so that

Ay 10
2 2 0.9091
)\2 + M1 — )\1 11
i =8 00473

(A1 + 1 +p2 —A2)2 169
In Figure 2 (b), the parameters are chosen so that

Ao 1
— = — =10.0476
Ao +pr—A 21
4
AL 800 _ .4750

(M + 1+ p2 — A2)2 1681

Loosely speaking, Theorem 1 says, for p; — Ay < ps — As
and for large n,

P{q"(t) = n} = e~ 0mFo @37

where o(n) is a function that grows more slowly than n, i.e.,
o(n)/n — 0 as n tends to infinity. The large deviation analysis
of this paper is able to give an expression for the parameter
61
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Fig. 2. P{q¢" = n}: Simulation results. (8) A1 = 1, p1 = 2, A2 = 10,
M2 = 20; (b) /\1 =10, M1 = 20, )\2 =1, M2 = 12

but cannot capture the nature of o(n). In each plot of Figure
2, the gap between the two curves shows the “imprecision”
of the large deviation result. That is, it shows how much the
large deviation result misses the actual tail probability of the
gueue size.

From the modelling point of view, compared with those in
[12], the model in this paper allows non-11D packet delays in
the DN and it specifically models packet disordering caused
by routing on different paths. The analysis is generalizable to
more complex arrival and service processes for the queues in
the DN, even non-11D arrival processes. One weakness of this
model is that it does not allow situations that yield heavy-tailed
distributions for the RSQ.
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