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On the Age of Information of Processor Sharing
Systems

Befiat Gandarias, Josu Doncel, and Mohamad Assaad

Abstract—In this paper, we examine the age of informa-
tion (Aol) of a source sending status updates to a monitor
through a queue operating under the processor sharing (PS)
discipline. In the PS queueing discipline, all the updates are
served simultaneously and, therefore, none of of the jobs wait
in the queue to get service. While Aol has been well studied
for various queuing models and policies, less attention has been
given so far to the PS discipline. We first consider the M/M/1/2
queue with and without preemption and provide closed-form
expressions for the average Aol in this case. We overcome the
challenges of deriving the Aol expression by employing the
stochastic hybrid systems (SHS) tool. We then extend the analysis
to the M/M/1 queue with one and two sources and provide
numerical results for these cases. Our results show that PS can
outperform the M/M/1/1* queue in some cases.

Index Terms—Age of information, processor sharing queues,
stochastic hybrid systems.

I. INTRODUCTION

ITH the development of Internet of things (IoT), there

is an increasing interest nowadays in real-time mon-
itoring, where a remote monitor is tracking the status of a
source/sensor. Age of information (Aol) has been introduced
in [1] to capture the freshness of information in such contexts,
networked control systems. This metric is defined as the time
elapsed since the generation of the last correctly received
packet at the monitor. Since its introduction, this metric has re-
ceived particular interest from researchers and has been studied
in various network models and scenarios. Since the evolution
of the Aol over time exhibits a sawtooth pattern, researchers
have focused on Aol-dependent metrics computation, such as
average Aol (AAol), peak Aol, etc. In particular, the AAol has
received a lot of attention and has been evaluated in various
continuous and discrete time network models. In [1]-[4], it
was shown that the computation of the AAol is a hard task in
general settings since it needs the evaluation of the expected
value of the product of inter-arrival and response times, which
are correlated random variables. The AAol has been computed
by considering specific source and response time models
(although these models cover a wide range of scenarios), and
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the medium between the source and monitor has been modeled
by a queuing system. For instance, the authors in [1] derived
the AAol of the M/M/1 queue, M/D/1 queue, and D/M/1 queue
models and obtained the best arrival rate of the packet update.
The single source single destination M/M/1 queue under first
come first served (FCFS) and last come first served (LCFS)
disciplines has been studied in [2], [3]. The peak Aol has
also been studied in various scenarios. For instance, AAol
and peak Aol have been analyzed for M/M/1/1 and M/M/1/2
queues [5], [6]. To improve the Aol, a queue discipline called
M/M/1/2%*, in which a new arriving packet preempts a waiting
one in the queue, has been introduced in [5], [6].

In addition to the aforementioned works that have focused
on Poisson arrivals and exponential service time, more general
single queue models have been explored. In [7], a G/G/1/1 is
analyzed. The AAol in a multi-source M/G/1/1 queue with
packet management has been studied in [8], [9], where it was
shown that preempting packets does not reduce Aol for small
service time variance coefficients.

The analysis of Aol was also studied in the case of
multi-source single-server (e.g., M/M/1/2*) in [10], [11] and
multi-source multi-server systems in [12]-[14]. While the
aforementioned works have focused on predefined arrival and
queuing disciplines, several studies have explored the optimal
status update (information sampling and scheduling) policy
in various scenarios, e.g., in single hop networks [15]-[17],
multihop networks [18], [19], etc. Interestingly, it has been
shown in [20], for a single source and single destination
scenario, that zero-wait policy, where the source transmits a
fresh update right when the previous one has been delivered,
does not always minimize the Aol. For discrete-time multi-
user networks, several Age-based scheduling solutions have
also been developed, e.g., [15], [21], [22]. A Whittle index
based scheduling policy has been developed in [15], [21].
Such a Whittle index based policy has been proved to be
asymptotically optimal in some cases [22], [23]. Furthermore,
there have been studies on energy-constrained updating, e.g.,
in energy harvesting context [24]-[28]. It is worth mentioning
that in addition to the above Aol metrics, there is an increasing
interest recently in developing beyond-age metrics [29]-[35],
for example to capture the semantic of information [36] such
as value of information [37], age of incorrect of informa-
tion (Aoll) [31], [38]-[40], query age of incorrect informa-
tion (QAoll) [41], etc. For more recent surveys of existing
work the reader can refer to [42]-[44].

In this paper, we focus on the AAol metric. We consider
a single source single destination queuing model under pro-
cessor sharing (PS) discipline. Under the PS discipline, all
the packets in the queue are served at the same speed, i.e.,
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when there are n packets in the queue, each packet gets a
proportion of 1/n of the service capacity. Despite its extensive
use and analysis since its introduction in [45], e.g., [46], [47],
to the best of our knowledge, the PS queue has not been
studied from the Aol perspective. In this paper, we provide
analysis of the AAol in a single queue system under the PS
discipline. We make use of stochastic hybrid system (SHS)
tool to overcome the challenges of analyzing the Aol under
the PS discipline. Specifically, the main contributions in this
paper are as follows:

o We first consider the M/M/1/2 queue without preemption
and we provide an explicit expression of the AAol for
the PS discipline.

o We then consider the M/M/1/2 queue with preemption,
which we denote the M/M/1/2* queue. We also provide
an analytical expression of the AAol when the queueing
discipline is PS.

o We show that, for the M/M/1/2 with and without preemp-
tion, the PS discipline outperforms the first generated first
served (FGFS) discipline in terms of AAol. Moreover, for
the M/M/1/2 queue, the AAol for the FGFS discipline
is, at most, 1.2 times worse than the AAol for the PS
discipline and, for the M/M/1/2* queue, it is at most 4/3
worse.

o We prove that the AAol of the M/M/1/2* queue is always
smaller than the AAol of the M/M/1/2 queue under PS,
and, in fact, the AAol of the M/M/1/2 queue is, at most,
5/3 worse than the AAol of the M/M/1/2* queue.

e We analyze the AAol of the M/M/1 queue for PS
and FGFS disciplines, and provide numerical results by
solving the system of equations obtained by the SHS
technique.

o We analyze the case of two sources and provide numer-
ical results, by solving the equations resulting from the
SHS analysis. Interestingly, the results show that the PS
discipline can outperform the M/M/1/1* in some cases.

The remainder of the article is organized as follows. We
present the system model in Section II. In Section III, we
study the M/M/1/2 model without and with preemption, while
the M/M/1 analysis is provided in Section IV. The multiple
source scenario is given in Section V, and the conclusion is
presented in Section VI. The proofs are given in the appendix.

II. MODEL DESCRIPTION

We consider a monitoring system in which there is a process
of interest (i.e., the source) whose status needs to be observed
timely by a remote monitor (i.e., the sink). To this end, packets
containing information about the status of the system are
generated at the source and are sent to the sink through a
transmission channel.

Transmission
channel >

Monitor

Source

Fig. 1. A monitoring system example.

We assume that packet generation times at the source follow
a Poisson process of rate A and that the transmission channel is
a single server queue with exponential service times of rate .
The load of the system is p = A/u. Moreover, it is assumed
that the transmission times from the source to the queue and
from the queue to the monitor are both zero.

We consider that the queue serves the packet containing
status updates of the system according to the PS discipline.
This means that all the packets in the queue are served at the
same speed, i.e., when there are n packets in the queue, each
packet is served at rate p/n.

We consider the Aol as the metric of performance of the
system. The Aol is defined as the time elapsed since the
generation time of the last packet that has been delivered to
the monitor successfully. More precisely, if ¢; is the generation
time of the ith packet and L(t) is the index of the last
successfully delivered packet before time ¢, the Aol at time ¢
is defined as A(t) =t —tp ).

Our focus will be on the AAol of divers queueing mod-
els, which we denote by A with a subindex that indicates
the queueing model we refer to. For instance, when we
study the AAol of the M/M/1/2-PS queue, we denote it by

Anr/nyiy2-ps-

III. THE M/M/1/2 QUEUE WITH AND WITHOUT
PREEMPTION

A. The M/M/1/2 Queue

We consider the M/M/1/2 queue without preemption. In this
system, the maximum number of packets that can be stored
in the queue is two. Besides, when a new packet arrives and
there are two packets in the system, the incoming packet is
discarded. Under the PS discipline, when there is a single
packet in the queue, it is served at rate u, but when there are
two packets in the queue, both are served at rate /2.

The following result characterizes the AAol of the M/M/1/2
queue without preemption and under the PS discipline. The
proof is available in Appendix A.

Proposition 1. The AAol of the M/M/1/2-PS queue is
SAT + 9N+ 8AZ 2 + 63 + 2ut
2Mu(A + 1) (A + A+ p?)

- (D

Aprrynvijij2—ps =

In [6], it is shown that the AAol of the M/M/1/2 queue with
the FGFS discipline and without preemption in waiting is
A4 BN+ AN 2 + 3B + pt

AN+ p) (A2 + p? + Ap)

Anymyrj2-FGRS =

2)

We now aim to analyze the benefits on the AAol of the PS

discipline with respect to the FGFS discipline by comparing

(1) with (2). The following result provides an analytical

comparison of both expressions. The proof is available in
Appendix B.

Proposition 2. We have that

An/m/1/2-FGFS

1< <1.2. 3)

Anjniyi)2—ps
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From this result, we conclude that the PS discipline outper-
forms the FGFS discipline and also that the AAol when we
consider the FGFS discipline is, at most, 1.2 times the AAol
of the PS discipline.

B. The M/M/1/2* Queue

We now consider the M/M/1/2 queue with preemption. In
this system, when a new packet arrives to the system and there
are two packets in the queue, the last update in the queue is
replaced by the incoming one. Note that this is a big difference
with respect to the M/M/1/2 queue without preemption that
has been studied in the previous section. In fact, it is known
that when we consider the Aol metric, preemption leads to
a performance improvement with respect to a system without
preemption [12]. In this section, we follow the notation of [6]
and we denote by M/M/1/2* the system under study in this
section.

Our goal is to extend the results of the previous section to
the M/M/1/2* to analyze the impact of the preemption on the
ratio of the AAol of the FGFS discipline over the AAol of
the PS discipline.

We now present the expression of the AAol of the
M/M/1/2*. The proof of this result is postponed to Ap-
pendix C.

Proposition 3. The AAol of the M/M/1/2*-PS queue is
Anr/myijee—ps =
A%+ 1IN+ 15032 + 140203 + 8 pt + 2u°
22(A + )2 (A% + p? + Ap) '

“)

We now aim to compare the AAol of the M/M/1/2* queue
under the PS discipline with the AAol under the FGFS
discipline. The expression of the former system has been
shown in [6], and it is

Apriymjrj2e—FGES =
205 + T+ 832 + TAZ 3 + At + 1

MO+ 2O+ 22 5 M) ®

N . .
We focus on the ratio —al/M/A/2"=FGFS Tp the following
M/M/1/2% — PS5

result, we provide a lower-bound and an upper-bound of this
ratio. The proof of this result is provided in Appendix D.

Proposition 4. We have that

Ay, .
1< M/M/1/2*—FGFS

4
< -. (6)
Ang/niyij2e—ps 3

From this result, we conclude that the AAol of the M/M/1/2
queue with preemption and under PS discipline is always
smaller than the AAol of the M/M/1/2 queue with preemp-
tion and under FGFS discipline. Besides, we also conclude
that Aps/ar/1/2+—FGrs 1S, at most, 4/3 times worse than
Ang/niyi)2e—ps-

The authors in [6] showed that the AAol of the M/M/1/2
queue with preemption and under FGFS is smaller than the
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AAol without preemption and under FGFS. This implies that,
for the FGFS, when the maximum number of packets in the
queue is two, preemption of packets leads to a performance
improvement. In the following result, we study if such a
performance improvement is also achieved when we consider
the PS queue instead of the FGFS queue. Its proof is presented
in Appendix E.

Proposition 5. We have that

Ay, _
| < 2M/M/1/2-PS

< <2 )
Anryyyije—ps 3
From this result, we derive that the aforementioned property
shown in [6] about the preemption of the FGFS when the
maximum number of packets is two also holds when we
consider the PS discipline.

C. The M/M/1/2** Queue

We now consider the M/M/1/2 queue with preemption to
the oldest packet. In this system, when a new packet arrives
to the system and there are two packets in the queue, unlike in
the previous section, the oldest packet in the queue is replaced
by the incoming one. We denote this queueing model as the
M/M/1/2** queue.

We now present the expression of the AAol of the
M/M/1/2**. The proof is presented in Appendix F.

Proposition 6. The AAol of the M/M/1/2**-PS queue is
Apr/nvijij2e—ps =
X6+ 1IN + 25 A% 2 + 29033 + 2202t + 10 p® + 28
2A(A + )3 (N + p? + Ap) '

We aim to compare the AAol of the M/M/1/2**-PS queue
with the AAol of the M/M/1/2**-FGFS queue. We present the
expression of the latter in the following proposition. The proof
is available in Appendix G.

Proposition 7. The AAol of the M/M/1/2**-FGFS queue is
Anymyij2e—FGFS =
A6 4 65+ 140 2 + 150303 + 112 4 5P + pb
AN+ )3 (A + i + M) '

€))

. A -
We focus on the ratio —3/M/1/2" —FGES

3 . In the following

K . M/M/1/2%*—PS
result, as in the previous section, we provide a lower-bound
and an upper-bound of this ratio. The proof is given in

Appendix H.
Proposition 8. We have that

A Hk
1 < BM/M/1/2+ - FGFS

< 1.0731. (10)

Ang/aiyij2e—ps

From this result, we conclude that the AAol of the
M/M/1/2**-PS queue is slightly smaller than the AAol of
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the M/M/1/2**-FGFS queue. Furthermore, we also show
that Aps/nr/1/2+-—rars i8S, at most, 1.0731 worse than

M/M/1/2**—PS-

We now want to compare the two different systems with
preemption and under the PS discipline. As a matter of fact,
we aim to compare the AAol of the M/M/1/2* queue and
the AAol of the M/M/1/2** queue under the PS discipline. In
the following result, we study if discarding the oldest packet
agaisnt the newest one leads to a performance improvement.
We present the proof in Appendix I.

Proposition 9. We have that

Ay, “_
| < BM/M/1/2:—PS

= Anymyij2e—Ps

3
<3 (11)

From this result, we see that, indeed, preemption replacing
the oldest packet in the queue leads to a performance improve-
ment against preemption replacing the newest packet. And that
Angjary1/2+—ps 1, at most, 3/2 worse than Aps/nr/1/2++—ps-
Moreover, from Proposition 5 and Proposition 9 we derive the
following result.

Corollary 1. We have that

A _
| < BM/M/1/2-PS §

< < (12)
Anryarjijees—ps ~ 2

We conclude that the AAol of the M/M/1/2 queue under the
PS discipline and with optimal preemption can be, at most, 2.5
better than the one without preemption.

D. Comparison with the M/M/1/1 Queue

In this section our goal will be comparing the M/M/1/1
queue with the M/M/1/2** queue under the PS discipline. In
the M/M/1/1 queue system, the maximum number of packets
that can be stored in the queue is one. Besides, in the M/M/1/1
queue, when a new packet arrives and there is already a packet
in the system, the incoming packet is discarded.

It is shown in [6] the following result that characterizes the
AAol of the M/M/1/1 queue:

202 4+ 20 + 2
Ap(A + 1)

A .
M/MIAZL_ We give a lower
M/M/1/2% —PS

and an upper bound for the ratio in the following result. The
proof is available in Appendix J.

Apmnn = (13)

We now focus on the ratio =

Proposition 10. We have that

A
1< M/M/1/1

< (14)
Anryaiyij2e—ps

4
< —.
-3

From this result, we see that the AAol of the M/M/1/2*
queue under the PS discipline is smaller than the AAol
of the M/M/1/1 queue (and, as a consequence, AAol of
the M/M/1/2** queue under the PS discipline is smaller

than the AAol of the M/M/1/1 queue). Moreover, we con-
clude that Aps/pr/1/1 will be, at most, 2 times worse than
Angjaiyi/2++—pss 1-€.
A/
1< M/M/1/1
Ang/nyij2es—ps
We now compare the AAol of the M/M/1/1 queue with
the AAol of the M/M/1/2 queue. We present the proof in
Appendix K.

< 2.

Proposition 11. We have that

Anrynvijij2—-ps

5
0.9641 < <3 (15)

M/M/1/1

From this result, we conclude that, when A € [0, ],
then we have that Ay nr/1/1 > Apr/niji/2—pss. Whereas
when A € [p, 00), we have that Ay nr/1/2-ps > Aar/nyigi-
Besides, the AAol of the M/M/1/1 queue can be, at most,
5/4 times better than the AAol of the M/M/1/2-PS queue
and the AAol of the M/M/1/2-PS queue can be, at most,
1/0.9641 ~ 1.0372 times better than the AAol of the M/M/1/1
queue.

E. Comparison with the M/M/1/1* Queue

We now want to extend the results of the previous section
to the M/M/1/1* queue. In the M/M/1/1* system we have
preemption, when a new packet arrives while there is a packet
in the queue, the packet will be replaced by the incoming one.

In [11] it is shown that the expression of Apz/nz/1/1+ 18

A+

AM/ZVI/l/l* = T (16)

Now, we compare the AAol of the M/M/1/1* queue with
the AAol of the M/M/1/2**-PS queue. In order to that we give
the following result. The proof is available in Appendix L.

Proposition 12. We have that

Apr/nijrj2e—p

1< S <1.0788.

(17)
ANYRIYRRYIT

IV. THE M/M/1 QUEUE

We now analyze the AAol of the M/M/1 queue with the
PS discipline. For this case, we assume that p < 1 to ensure
stability. Our first result of this section consists of establishing
a lower-bound of Ajps/pr/1_ps. Its proof is available in
Appendix M.

Lemma 1.
w—A

YR

Anryji-ps >

It is shown in [1] that

1 1 I
Aympn-rars = — (1+ -+ ; (18)
1% p l—p
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which is clearly unbounded from above when A — 0. This
result implies that, when we consider the M/M/1-FGFS model,
the arrival rate that minimizes the mean number of customers
does not minimize the AAol. Using Lemma 1, we now show
that this property also holds when we consider the M/M/1-PS
model.

Proposition 13. When A — 0, Ay n/1-ps is unbounded
from above.

Proof. From Lemma 1, the desired result follows noting that,
when A — 0, (x — A)/Au tends to infinity. O

We have tried to provide an explicit expression of
Anr/ar/1—ps using the SHS technique. Unfortunately, the de-
rived expression are extremely difficult and, therefore, we did
not succeed in characterizing A, /M/1-PS- After extensive
numerical experiments, we conjecture that the AAol of the
M/M/1-PS queue has a similar form as Apz/nr/1-rars. To
be more precise, we now present our conjecture.

Conjecture 1.

1/1
Apryvji—ps = " <p +1+ C(P)) ) (19)

where lim, ,oC(p) = 0, lim,1C(p) = +oo and
2

0<C(p) < %pfor all p € (0,1). Moreover, when p is large

enough,

(p—05)* _

0.75p
< .
T, <C= 1 (20)

(1=p)2

We remark that, if Conjecture 1 holds, then it follows that,
when A is large enough,

1
Apyypiji—ps > — |- +1+
p\p

Let us note that the rhs of the above expression tends
to infinity when p — 1. Therefore, we conclude that, if
Conjecture 1 holds, when p — 1, Ap/p/1-ps tends to
infinity.

We know from (18) that, when p — 1, the AAol of the
M/M/1-FGFS queue tends to infinity, therefore the load that
maximizes the throughput does not optimize the AAol for this
model. Now, we conclude that, if Conjecture 1 holds, then
the aforementioned property is verified also for the M/M/1-PS
queue.

In the following result, we study the value of the ratio

A _ . : : .
“RUMLZESES  The proof is available in Appendix N.
M/M/1—PS

Proposition 14. If Conjecture 1 holds, then

A _
| < BM/M/1-FGFS

< < 4o00.

Aprjnj1-ps
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Fig. 2. Comparison of the AAol of source 1 in a M/M/1 queue with divers
queueing disciplines when Ao changes from 0.001 to 0.05 and A; = 0.1.

V. MULTIPLE SOURCES

In this section we will expand our analysis from single-
source systems to multiple source systems. In fact, we consider
that there are two sources sending update packets through
the transmission channel to the monitor following Poisson
processes. The rate at which updates of source 1 are sent is
A1 and of source 2 is Ao. The service rate is exponentially
distributed with rate p for the updates from any source.

We aim to analyze the impact of Ay on the AAol of the
updates of source one under the different queueing disciplines.
In our numerical analysis we consider that 4 = 1 and we
represent with a solid line the AAol of the M/M/1-PS queue,
with a dashed line the AAol of the M/M/1-FGFS and with a
dotted line the AAol of the M/M/1/1* queue. In Fig. 2, we
consider that A\; = 0.1 and Ay varying from 0.001 to 0.05.
We observe that the influence of Ay is very similar for PS
and FGFS (and that PS outperforms FGFS for all \;), but the
AAol of the M/M/1/1* queue increases dramatically with As.
Indeed, when A5 is close to zero, the AAol of the M/M/1/1*
queue is the smallest one, but further numerical experiments
show that it tends to infinity when A, grows large much faster
than FGFS and PS. Therefore, we conclude that, when \; is
small, the presence of other sources has a very negative impact
in the AAol of the M/M/1/1* compared to the AAol of PS
and FGFS.

We now aim to study whether the conclusions obtained for
A1 small extend to instances where \; is large. To this end,
we consider A\; = 5 and )y varying from 0.001 to 103. In
Fig. 3, we represent the values of the AAol we have obtained
in our numerical analysis. We observe that the influence of
Ao is again very similar for PS and FGFS and when Ay is
close to zero the AAol of the M/M/1/1* queue is the smallest
one. However, when o is large, the AAol of the M/M/1/1*
queue is not worse than that of PS and FGFS; they equal, in
fact, the same value. As a result, we conclude that, when A\ is
large, the presence of a different source does not have a very
negative impact on the performance of the M/M/1/1* queue
compared to the PS and FGFS.

We now focus on the AAol of both sources. To this aim, we
analyze the evolution of the sum of the AAol of both sources
as a function of the arrival rate of one of them. We consider
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- - =-FGFS
PS
v M/M/A/1*

AAol of source 1

Fig. 3. Comparison of the AAol of the source 1 in a M/M/1 queue with divers
queueing disciplines when Ay changes from 0.001 to 102 and A\ = 5.

- = =FGFS
PS
wuennnens M/M/1/1*

AAol of source 1 + of source 2

Fig. 4. Comparison of the AAol of source 1 plus the AAol of source 2 in a
M/M/1 queue with divers queueing disciplines when A2 changes from 0.001
to 30 and Ay = 0.1.

1 =1 in these experiments and same queueing disciplines as
in Figs. 2 and 3. In Fig. 5, we set \; = 0.1 and we plot the
AAOoI of both sources when Ay changes from 0.001 to 30. We
observe that, in this case, the AAol of the M/M/1/1* queue is
larger than the AAol of PS and FGFS. Therefore, we conclude
that, when the arrival rate of one of the source is low, PS and
FGFS outperform M/M/1/1*. However, in Fig. 4, we consider
A1 = 5 to analyze whether the aforementioned conclusions
extend to the instance where \; is large. We observe that, when
Ao is small, the AAol of the M/M/1/1* queue is again larger
than the AAol of PS and FGFS, whereas when ), is large,
the AAol of the M/M/1/1* queue is smaller. We conclude that,
when the arrival rate of both sources is large, it is preferable
from the perspective of the AAol the M/M/1/* queue and, in
the rest of the cases, PS or FGFS are preferable.

VI. CONCLUSION

In this paper, we investigated the average Aol in a system
composed of sources sending status updates to a monitor
through a PS queue. We considered the single source M/M//2
queue with and without preemption, and derived a closed-form
expression of the average Aol by making use of SHS tool. We
compared analytically our results to the FGFS discipline. The

s M/M/1/1*

AAol or source 1 +of source 2

Fig. 5. Comparison of the AAol of source 1 plus the AAol of source 2 in a
M/M/1 queue with divers queueing disciplines when Ao changes from 0.001
to 103 and \; = 5.

results of this work is consistent with [12] since we provide
analytical results that show that disciplines without queueing
have good Aol performance.

We then extended the analysis to the M/M/1 queue with
one and two sources. We solved numerically the equations
resulting from the SHS framework and compared the obtained
results with the FGFS and M/M/1/1%*, which is known to have
good Aol performance. Our results show that the PS discipline
can outperform the M/M/1/1* queue in some cases.

APPENDIX A
PROOF OF PROPOSITION 1

We use the SHS methodology [11] to characterize the AAol
of the M/M/1/2-PS queue. The SHS technique is formed
by a couple (x,q) where z is a continuous state and ¢ a
discrete state. For this model, the discrete state belongs to
the continuous time Markov chain illustrated in Fig. 6, where
each state represents the number of packets in the queue; the
continuous state is a vector x(t) = [xo(t) x1(t) x2(t)] where
xo(t) is the Aol at time ¢ and ;(t) is the age of the ith packet
in the queue. We also define by = [1,0,0], by = [1,1,0] and
by = [1,1,1] that represent which are the packets whose age
increases at rate one for each of the states of the Markov chain
of Fig. 6.

The second column of Table I represents the rate at which
transitions of the Markov chain occur. The steady-state distri-
bution of this Markov chain is clearly

P’ :
= 7,220,172-
L+p+p?

We now describe each of the transitions of Table I.

Uy

Il =0. A new packet arrives when the queue is empty. This
occurs with rate \. For this case, the age of the monitor
does not change and the age of the first packet in the
queue is equal to zero, i.e., 2} = 0.

I = 1. There is one packet in the queue and it is served, which
occurs with rate u. For this case, the age of the monitor is
replace by the age of the packet in service, i.e., 2 = 7.
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=4

Fig. 6. The Markov chain under consideration in the proof of Proposition 1.

TABLE I
THE SHS TABLE UNDER CONSIDERATION IN THE PROOF OF
PROPOSITION 1.

D\ Oy pu— r— 2 = Az Vg1 Ay

0 A 0-—1 [0, 0,0] —> [zo,0,0] [v00, 0, 0]

1 I 1—0 [z0,z1,0] — [z1,0,0] [v11,0,0]

2 A 1—2 [zo,z1,0] — [z0,21,0] [v10,v11,0]
3k 2—51 [zo, 1, 2] — [x1,22,0] [v21, v22, 0]
4 5 2—1 [0, 71, 22] — [z2, 22,0] [v22,v22, 0]
5 A 2 —2 [0, x1,x2] — [0, 21, 22] | [v20,v21, v22]

Il = 2. A new packet arrives when there is another packet in
the queue. This occurs with rate \. For this case, the age
of the monitor and of the packet that was being served in
the queue do not change. However, the age of the second
packet is equal to zero.

I = 3. There are two packets in the system and the packet that
arrived first is served. This occurs with rate 11/2. For this
case, the age of the monitor changes to the age of the
packet that has been served, i.e., x, = x;. Besides, the
packet that stays in the queue has become the freshest of
the packets in the queue and, therefore, ] = 5.

I = 4. There are two packets in the system and the packet that
last arrived is served. This occurs with rate 11/2. For this
case, the age of the monitor is replaced by the age of the
last arrived packet, i.e., z, = x2. Besides, the packet that
stays in the queue is obsolete and, therefore, we replace it
by a fake update with the same age of the served packet,
ie., 2} = zo.

I = 5. There are two packets in the system and a new packet
arrives. This occurs with rate A. For this case, the new
incoming packet is discarded, therefore the age of the
monitor and of the packets in the queue does not change.

We apply [11, eq. (35a)] for our case and we obtain:
[v00, Vo1, Vo2] A =bomo + p[v11,0,0],
[V10, V11, V12] (A + 1) =b171 + A[vgo, 0, 0] + g[vzh V22, 0]

+ g[v22,v2270]»

[v20, Va1, Va2] (A + 1) =bama + Alv1g, v11, 0] + A[vag, Va1, vaz].

From [11, Th. 4], we know that, if there exists a non
negative solution of the above system of equations, then the
AAoI of this model is given by vgg + v19 + vag.

649

We solve the above system of equations and we get
_ BAtp)
s e E—
A2+ p2 + M)
A2 +2u% +4\p

O o+ (N + 2+ )
A
v11 = 7>\2+)\M+ﬂ27
v — 5A3 4 62 + 222
2N+ p) (A2 + p2 + M)’
_ 2\
T U - p2)
)\2
2T U vt 2)
Therefore,

Anr/n/1/2-ps = Voo + V1o + V20
AL+ 9N3u + 8N Zp? + 6Au3 + 2t
22N+ +p?+ )
where the last equality has been obtained simplifying the
derived expression. And the desired result follows.

APPENDIX B
PROOF OF PROPOSITION 2

We first note that (2) can be written as follows
SAY BN+ AN+ 3B+t
AN+ 1) (A2 + A+ p?)

As a result,

Apymjrje—rars o 3N BN 4 ANPp? + 3P + pt
BN £ 9N3 4 8212 + 63 + 2ut”
(2D
Thus, taking into account that the rhs of (21) tends to 1
when A — 0 and to 1.2 when A — oo, the desired result
follows if we show that the rhs of (21) is increasing with A,
which we proof in the following result.

An/niyi/2—ps

Lemma 2. The rhs of (21) is an increasing function of X\ for
all > 0.
Proof. We compute

AN 4N 2 30 +[L4
BATHIN3 u+8A2 2 +6Apu3+2ut

the derivative of
with respect to A and it results

1203 + 1522 + 8Ap? + 3p3
AL+ 93 + 8A20u2 + 6Au3 + 2ut
— (2023 + 27020 4 162 + 6°)
" (BAT 4+ B5N3 0+ 4N2 2 + 3\ + p?)
(BAL 4+ 9N + 8A2pu2 + 63 + 2ut)?’

The above expression is positive if and only if

(122341522 4 8A 2 4313 (BN HIN 8N 2 2+ 613 +-2u)

> (20342702 416012 +61%) (BN 453 p+-aX2 24303 +),

which simplifying we obtain that

2201+ 8N 4 1204 4 10A3pt 4 302 1° > 0,
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TABLE 11
THE SHS TABLE UNDER CONSIDERATION IN THE PROOF OF
PROPOSITION 3.

I A0 g—¢q r— 2 = Az vqr A

0 0—1  [20,0,0] — [z0,0,0] [v00, 0, 0]
1 n 1—0 [zo0,z1,0] — [21,0,0] [v11,0,0]
2 A 1—2 [xo,z1,0] — [z0,21,0] [v10,v11,0]
3 & 2—1 |[wo,x1,72] — [x1,22,0] | [va1,v22,0]
4 5 2—1 [zo,z1,22] — [T2,22,0] | [v22,022,0]
5 A 2—2 [zo,x1,2x2] — [T0,%1,0] | [v20,v21,0]

which is true for all ;o > 0. And the desired result follows. [

APPENDIX C
PROOF OF PROPOSITION 3

The proof is similar to that of Proposition 1. In fact,
we formulate the same SHS approach with the exception of
transition | = 5, which is described in Table II.

We again apply [11, eq. (35a)] and we get the following
system of equations:

[v00, Vo1, Vo2] A =bomo + pfv11,0,0],

[V10, V11, V12) (A + ) =b17m1 + A[vgo, 0,0] + g[?}m,wz, 0]

+%[U227U22,0],

[v20, V21, Vaz] (A + 1) =bama + Alv1g, v11, 0] + A[v2g, Va1, 0].

The solution of this system of linear equations is
N2 + 3P 4 pt
v = )
O NN+ 1)2(A2 + 12 + M)
MRS+ 13A2 02 + 8 + 2p

o= 2N+ p)B3N2+ 2+ M)
o1y = 2X2 0+ Ap?
A+ 2N+ p2 + M)’
vy — 3N+ 11 4+ 150302 + 14213 + 8t + 2u°
22X+ p)2(A2 + p2 + ) ’
oot — M+ 4N+ 2022
1A+ )2 (N2 + p? + )’
/\2
V22 =

A+ ) (A2 + % + )
According [11, Th. 4], the desired value is obtained by
summing vog, v19 and veg. And the desired result follows.

APPENDIX D
PROOF OF PROPOSITION 4

As in the proof of Proposition 2, we first show that the ratio
under study is monotonically increasing with A. First, we note

A . .
that the ratio —xM2—F9ES can be written as follows
M/M/1/2% —PS

AN + 1AM+ 16032 + 14023 + 8t + 2u°
3N 4 11A 4 15A3 02 + 14X2 03 + 8A\pt + 25

(22)

Lemma 3. The ratio

Anr/myij2c—FaFs

An/vjiyee—ps
is an increasing function of .
Proof. The derivative of (22) with respect to A is
20\* + 5631 + 48022 + 28\ + 8t
A%+ 114 + 15A3 02 + 14X2 13 + 8Apt + 2u°
— (15X* + 44031 + 450212 + 28X + 8pu?)
ANP 4+ 14N+ 16X3 2 + 14023 + 8\ +2u°
(BA5 4 11Ap + 15A3 02 + 14X2p3 + 8A\pt + 2u°)%”
We assume that the above expression is negative and we will
see that it is an absurd. Thus, the derivative of (22) with respect
to A is negative if and only if
(200\* + 56731 + 480212 + 28X % + 8u?)
X (BA% + 1IN 4 15032 + 142213 + 8\ + 2u°)
< (IBMNY 4403 + 4502 1% + 28\ + 8ut)
X (4N° 4+ 14N+ 160302 + 140213 4 8\ + 2u%),

X

which expanding the polynomials it results

60N + 388A\% 11 4+ 10607 1% + 17320% 13 + 1996 7\° u*
+ 1668A*11° + 1008M\3 8 + 4320217 + 12000 + 164°
< 607 4 3860311 + 10367 1% + 16561 11> + 18801°
+ 157220 18 4+ 9683 18 + 4260217 + 12068 + 164°.

We now simplify this expression and we obtain

2N 4 24N + TOAC 3 + 1160t + 96X u® + 403 ®
+ 62247 <0,

which is clearly false since A and p are positive. Therefore,
the desired result follows.
O

We now prove Proposition 4 by studying the limit of the

. A % e

ratio —{MAZ=FCES when A tends to zero and to infinity.
M/M/1/2% —PS

For the later limit, we get one, whereas for the former, we get

4/3. And the desired result follows.

APPENDIX E

PROOF OF PROPOSITION 5

. A P . .

We show that the ratio T *~2=L5 js increasing with \.
M/M/1/2% —PS

We first provide the expression of the ratio under analysis:

Anymyija-prs
Angyniyij2e—ps
BA® + 14N 4+ 17A3 % + 14213 + 8t + 24°
NS 4+ 1IA 4+ 15A3 02 + 14X2 03 + 8Apt + 25
We observe that the limit when A — 0 (resp. when A —
o0) of the above expression is one (resp. is 5/3). Therefore,
the proof ends by showing that the ratio w
M/M/1/2% —PS
increasing with A.

is

Lemma 4 AM/M/1/2—Ps

is an increasing function of .
AN/M/1/2%—PS 8/ f
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TABLE III
THE SHS TABLE UNDER CONSIDERATION IN THE PROOF OF
PROPOSITION 6.

TABLE IV
THE SHS TABLE UNDER CONSIDERATION IN THE PROOF OF
PROPOSITION 7.

Ani/n/1/2-PS
Anr/my1/2%—Ps

Proof. The derivative of with respect to A is

250 + 5631 + 5IAZ 2 + 280213 + 8t
3A% + 1IN p 4 15A3 02 + 14203 + 8Apt + 2ud
— (15A% 4 4403 + 4502 p? + 28 > + 8u?)
BA® + 14X 4+ 17A3 2 + 140203 + 8 \p* + 2u8
(BA% + 11X + 15A3p2 + 142213 + 8Apt + 2u°)2”

X

This expression is positive if and only if

(250 + 5673 + 51A2p2 + 2802 1% + 8u?)

X (BA5 4+ 11N + 150362 + 14073 + 8\ + 24°)
> (15A% 4+ 44031 + 4502 % + 28 3 + 8ut)

X (BA® 4+ 14N+ 17302 4 140213 + 8t + 2u°).

Expanding the polynomials and simplifying, we get the fol-
lowing expression:

13NE L+ 48N 12 107X 113 + 148 X% 4+ 12004 11° + 5603 1°
+ 122247 > 0,

which is clearly positive since A and u are positive. Thus, the
desired result follows. O

APPENDIX F
PROOF OF PROPOSITION 6

The proof is very similar to that of Proposition 3. We
formulate the same SHS approach with the exception of
transition { = 5, whis is described in Table III.

We again apply [11, eq. (35a)] and we get the following
system of equations:

[V00, Vo1, Vo2] A =bomo + plvi1,0,0],

[v10, V11, V12](A + ) =b17m1 + Alvgo, 0,0] + g[vmﬂ)zzv 0]

+g[v22,1122,0]a

[V20, Va1, V2] (A + 1) =bama + A[v1g, V11, 0] + Alvag, v22, 0].

I A0 g—¢q r— 2 = Az vqr A I A0 g — ¢ r— 2 = Az var A

0 0—1  [20,0,0] — [z0,0,0] [v00, 0, 0] 0 A 0-—1  [20,0,0] — [z0,0,0] [v00, 0, 0]
1 n 1—0 [zo0,z1,0] — [21,0,0] [v11,0,0] 1 I 1—0 [zo0,z1,0] — [21,0,0] [v11,0,0]
2 A 1—2 [xo,z1,0] — [z0,21,0] [v10,v11,0] 2 A 1—2 [xo,z1,0] — [z0,21,0] [v10,v11,0]
3 £ 2—1 [zo,z1,22] — [z1,22,0] | [v21,v22,0] 3 I 2—1 [zo,z1,22] — [z1,22,0] | [v21,v22,0]
4 5 2—1 [zo,z1,22] — [22,22,0] | [v22,022,0] 4 A 2—2 [zo,z1,22] — [T0,%2,0] | [v20,v22,0]
5 A 2—2 [xo,x1,22] — [T0,%2,0] | [v20,v22,0]

The solution of this system of linear equations is

I 3A2u? 4 3 3 4 pt
T XN+ 2N+ p2 + )’
A 4 193 2 + 21023 + 10Ap* + 2u°

o= 2(A 4 ) (N2 + 12 + Ap) ’
o1y = N2+ \p?

(A + )2 (N2 + p2 4+ Ap)’
vy — 206 + 13X%p 4+ 1A p? + 2903 13 + 1202t + 228

2p(A + p)* (N + p? + Ap) ’

oot — 20 + 53+ 2222

A+ p)3(A2 + 42 + )’

)\2

BT OF W )

According to [11, Th. 4], the desired value is obtained by
summing vgg, v1g9 and vg. And the desired result follows.

APPENDIX G
PROOF OF PROPOSITION 7

The proof is very similar to that of Proposition 3 and
Proposition 6. We formulate the same SHS approach, but now
as we are operating unde FGFS discipline some transitions
will be different, whis are described in Table IV.

We apply [11, eq. (35a)] and we get the following system
of equations:

[v00, Vo1, Vo2] A =bomo + plvi1,0,0],
[V10, V11, V12) (A + ) =b1m1 + A[vgo, 0, 0] + pe[var, v22, 0],
[V20, Va1, V2] (A + 1) =bama + A[v1g, V11, 0] + Alvag, v22, 0].
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The solution of this system of linear equations is
voo — 3N2p2 + 33 + pt
AN+ 1)2(A2 + 2 + M)’
_ 3N L+ 11302 + 110203 + 5t + ub

no O T2 + 122+ M) ’
vy = 2020+ A\p?

A+ 1) (A2 + p2 + )’
vy — N6+ TAS + 17N 2 + 150303 + 602 pt + AP

’ P+ )t (N2 + p? + Ap) ’
220 BN+ 222
PO PR 2+ )
)\2

TN 2 )

According to [11, Th. 4], the desired value is obtained by
summing vgg, V10, and vog. And the desired result follows.

APPENDIX H
PROOF OF PROPOSITION §

We are first going to write the expression of the ratio.

Anymyijes—FGFS

Anrjnii)2e—ps
206 1205 4 280 12 + 30313 4 2202t + 10Au® + 26

20 + 11N5p + 250412 + 290313 + 22224 + 10Apd + 2u8”

Since A > 0 and g > 0 it is easily seen that

Apiymjrjae—ps < Apynjijee —Fars-
Therefore, we know that

An/ay1/2e —FGFS

1< (23)

Anrjnryij2es—ps
Since this ratio is not an increasing function of A, we now
want to find the maximum value of it, that way we will have
proven Proposition 8. In order to that, we present the following
result.

. A -
Lemma 5. The ratio —x*AMA2——ECES
M/M/1/2%* —PS

value at p = 2.3943 and it is

takes its maximum

An/myij2e —FGFS

= 1.0731 (24)

Anrjaii/24—ps
Proof. First we rewrite the ratio by dividing . in the numer-
ator and the denominator and we get the following

Anymyrje—FGrs

Anrynyij2e—ps
205 + 12p° + 28p* + 30p> + 22p% + 10p + 2
206 4+ 11p5 + 25p% + 2903 4+ 22p2 + 10p + 2°

L NY -
The derivative of —x/2——FCrS
M/M/1/2%% _PS

12p° 4+ 60p* + 112p% + 90p? + 44p + 10
208 + 11p°% + 25p% + 29p° + 22p2 + 10p + 2
— (12p° + 55p* 4+ 100p> + 87p% + 44p + 10)
205 + 12p° + 28p* + 30p> + 22p% + 10p + 2
(208 + 11p° + 25p* + 29p% + 22p2 4+ 10p + 2)2°

with respect to p is

We set the derivative equal to zero and we get the following
result

(12p° + 60p* 4 112p° + 90p* + 44p + 10)
x (2p° + 11p° 4 25p* + 29p° + 22p” + 10p + 2)
— (12p° + 55p* 4+ 100p> + 87p% + 44p + 10)
x (295 + 12p° 4 28p* + 30p® + 22p% 4+ 10p + 2) = 0.

Expanding that expression we get

—2p'0 —12p% — 14p% 4+ 36p" + 128°
+172p° +122p* +44p3 +6p> =0 (25)

Since A > 0 and i > 0 then p must be positive, and the only
postive root of that expression is p = 2.3943. Therefore, this
ratio is larger than one from (23) and it is equal to one when
p — 0 and p — oo. Therefore, it has a unique maximum when
p is positive, which is achieved for p = 2.3943. We evaluate
p = 2.3943 on our ratio and the desired result follows. O

APPENDIX I
PROOF OF PROPOSITION 9

We have

Anymyijee-ps

Ang/niyij2e—ps
3N 4+ 14X% 1 4 260 1% + 290313 4 2202 % + 10\ p® + 248
26 + 11N5p + 250412 + 2903143 + 22224 + 102 pd + 2u8”

(26)

Thus, taking into account that the rhs of (26) tends to 1
when A — 0 and to 3/2 when A\ — oo, the desired result
follows if we show that the rhs of (26) is increasing with A,
which we proof in the following result.

Lemma 6. The rhs of (26) is an increasing function of \ for
all p> 0.

Proof. We compute the derivative of the ratio with respect to
A and it results

18N% + 70X 1 + 104X3 2 + 87TA% 3 + 44 p* + 104°
2A6 4+ TIN5 + 2504 12 + 290313 + 22224 + 10\ pd + 2u8
— (12X 4+ 55X 4 1003 1% + 872 p® + 44 p* + 10p°)
y (BAOH14N% 12601 112 + 2903 13 +2202 it + 101 + 2u)
(2X6+1IN5 4+ 2524 12 +293 13 + 2202 A + 105 +2p6)2
The above expression is positive if and only if
(18X° 4+ 70N + 10403 1% + 8TAZ 3 + 44 \p + 104°)
X (A0 1IN 42502 12 42903 113 42202 it +- 10 1° +-21%)
> (1205 + 550 1 4 1003 1% + 8722 1% + 44 p* + 10u°)
X (BAC+14N° 142604 12 + 2903 113 + 2202 A 410\ +248),

which simplifying we obtain that

SAO 4 460 1% 4+ 15108 13 + 26207t + 277285
+1762° 18 + 60X 17 + 8X3 18 > 0,
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which is true for all ;> 0. And the desired result follows. [

APPENDIX J
PROOF OF PROPOSITION 10

We have

Ani/myin
NV
ANS + 120+ 18M3 % + 160213 + 8t + 2u4°
NS 4 11A 4+ 15A3 02 + 14X2 03 + 8A\pt + 25
Thus, taking into account that the rhs of (27) tends to 1
when A — 0 and to 4/3 when A — oo, the desired result

follows if we show that the rhs of (27) is increasing with A,
which we proof in the following result.

@7

Lemma 7. The rhs of (27) is an increasing function of \ for
all 1 > 0.

Proof. We compute the derivative of the ratio with respect to
A and it results

20\ + 48X\3 1 + 5422 + 3222 + 8t
3A% 4+ 114 + 15X3 02 + 14203 + 8 \u + 2pub
— (15A% 4 4403 + 4502 p? + 28 > + 8u?)
y (4X° + 120 + 18312 + 16213 + 8Au* + 2u)
(BA® + 11X + 15A3p2 + 142213 + 8Apt + 2u°)2”
The above expression is positive if and only if

(200\* + 48X3 1 + 54X 12 + 32)0% + 8u)

X (BA% + 1IN 4 15032 + 142213 + 8\ + 2u°)
> (15XA* + 4403 + 4502 1% + 28\ + 8u*)

X (4N° + 120+ 1832 + 162021 4 8\ + 2u%),

which simplifying we obtain that

8AS L 4 12072 + 6513 + 165t + 4604 °
+ 560315 4+ 34X2 " + 8\u® > 0,

which is true for all 4 > 0. And the desired result follows. [

APPENDIX K
PROOF OF PROPOSITION 11

We have the following ratio,

Anymyij2-ps
NV
SAY N3+ 822 + 623 + 2t
AN 4+ 83 + 10202 + 623 + 2ut”

When A € (0,u], then we have that Ap a1
Anr/m/1/2—ps and when A € [, 00), we have A ar/1/1
Apr/myi/2—ps- So we will study each case separately.

In the case of A € (0, u], we want to find the minimum
value of the ratio.

(28)

2
<

653

Lemma 8. If A € (0, i), then we have the following
An/nyij2-pPs

0.9641 <
Anrya/in

<1. (29)

Proof. First we rewrite the ratio by dividing p* in the numer-
ator and the denominator. So we get the following

Apyvjrje—ps  5pt 4 9p® +8p% 4 6p? + 2
4pt + 8p3 + 10p2 + 6p2 + 2°

The derivative of the ratio with respect to p is

(30
Anrynyin

2003 +27p* +16p + 6
4p* 4 8p3 + 10p2 + 6p2 + 2
f 5p% + 9p3 + 8p% + 6p% + 2
—(16p> +24p* +20p+6 :
(160742407 + 200+ 6) i 5 10,7 + 6,2 £ 2)2
We set the derivative equal to zero and we get the following
result

(20p° 4 27p? + 16p + 6)(4p* + 8p® + 10p* + 6p* 4 2)
— (163 +24p* +20p+6)(5p* +9p° +8p? +-6p*> +2) = 0.

Expanding that expression we get

4p°% 4+ 36p° + 44p + 20p° — 6p> — 8p = 0. (31)

Since A > 0 and g > 0 then p must be positive, and the
only postive root of that expression is p = 0.4697. Besides,

5p% +9p% + 8p% + 6p + 2

4p* + 8p3 + 10p2 + 6p2 + 2
is clearly smaller or equal than one and equal to one when
p — 0 and p — oo. Therefore, since we have shown that it

has a single local critical point, it is a minimum. We evaluate
p = 0.4697 on our ratio and the desired result follows. O

We now focus in the case of A € [u,00). In this case,
we have p = \/u where A > p. Knowing that, it is clearly
visible that the expression (31) is always positive. So (31) is
an increasing function on A. Then as the ratio tends to 5/4
when A — oo, we have the following result.

A _
M/M/1/2-PS _ § (32)

1< <
Anynin 4

Taking into account (29) and (32) the desired result is
achieved.

APPENDIX L
PROOF OF PROPOSITION 12

We first going to write the expression of the ratio.

Anymyijee—ps
NV
X6+ 1IN+ 250262 + 290313 + 2202t + 10 u° + 218
2A6 + 1050 + 2220412 + 282313 + 2222t + 102 pb + 2u8”
Since A > 0 and g > 0 it is easily seen that
Anyvjiyie < Aaryajij2-—ps- So we know that

Anr/myij2e—ps

1<
IANYYIYRIT

(33)
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Since this ratio is not an increasing function of )\, we now
want to find the maximum value of it, that way we will
have proven Proposition 12. In order to that, we present the
following result.

AN nM)1/2% —PSs

A takes its maximum value
M/M/1/1%

Lemma 9. The ratio
at p=2.3943 and it is

An/aiyi)2e—ps

= 1.0788.
ANYIVNEE

(34)

Proof. First we rewrite the ratio by dividing 1% in the numer-
ator and the denominator. So we get the following

Anymyijee—ps
ANYRIYRRYIT
2p°% + 1195 + 25p% + 29p3 + 22p% + 10p + 2
206 4 10p5 + 22p% + 28p3 + 22p2 + 10p + 2

M/M/1/2%—PS

o A . .
The derivative of =% with respect to p is
M/M/1/1%

120° + 55p% + 100p3 + 87p? + 44p + 10
205 + 10p° + 22p* 4 28p3 + 22p2 + 10p + 2
— (12p° + 50p* 4 88p> + 84p? + 44p + 10)
y 205 + 1195 + 25p* + 29p3 4 22p2 + 10p + 2
(208 + 10p° + 22p* + 2893 + 22p2 + 10p + 2)2°
We set the derivative equal to zero and we get the following
result

(12p° 4 55p* + 100p® + 87p? + 44p + 10)
x (2p° + 10p° 4 22p* + 280 + 22p” + 10p + 2)
— (12p° + 50p* + 88p® + 84p? + 44p + 10)
x (2p% + 11p° 4 25p* + 29p° + 22p% 4 10p + 2) = 0.

Expanding that expression we get

—2p1% — 129" — 1498 + 36p" + 128°

4+ 172p° +122p* + 44p> +6p*> = 0. (35)

Since A > 0 and p > 0 then p must be positive, and the
only positive root of that expression is p = 2.3943. Besides,
we have that

205 + 1195 + 25p* + 29p3 + 22p2 + 10p + 2

206 4 10p5 + 22p% + 28p3 + 22p2 + 10p + 2’
is clearly larger than one when p € (0,00) and tends to one
when p — 0 and p — oco. Therefore, this ratio has a unique

maximum when p € (0,00). We evaluate p = 2.3943 on our
ratio and the desired result follows.

APPENDIX M
PROOF OF LEMMA 1.

We also model the system using the SHS methodology. In
this case, the Markov chain we consider is @ = {0,1,2,---},
which is a birth-death process with birth rate A and death rate
w. For this Markov chain, the stationary distribution is clearly
7; = (1 — p)p'. For the continuous state, we will only focus

TABLE V
THE SHS TABLE UNDER CONSIDERATION IN THE PROOF OF LEMMA 1.

A0 g —¢ r— ' = Az vl Ay
0 A 0—1 [:Eo, ] — [.’ZQ, ] [’L)Qo, }
1 12 1—0 [I07...] — [Ctl,...] [’Ull,...}

on the transitions of state zero. Indeed, the idea of the proof
is to apply [11, Th. 4] as follows

Ap/vji-ps = Z Vg0 > Voo-

qeQ
Thus, in the SHS table under consideration, we only show
the transitions related to state zero as well as the values of the
continuous state of state zero. This is represented in Table V.
We omit the explanation of the transitions represented in
Table V because they coincide with the transitions 0 and 1 of
the SHS table of Proposition 1. Now, we apply [11, eq. (35a)]

to the SHS of Table V and we get

- A

Ao = o + V11t > Ty <= Voo = MTLL

And the desired result follows.

APPENDIX N
PROOF OF PROPOSITION 14.

Under Conjecture 1, we know that C'(p) < p?/(1 — p) and
C(p) > 0.75p/(1 — p) =, therefore

1 1 0.75
Apymn-rars < Annji-ps < m (1 +—+ p1> .

P (1=p)2
AN/M/1-FGFS -

Therefore, the proof ends if we show that — is
M/M/1—-PS

unbounded from above. That is,

2
1 02 1 02 p°  _ 0.75p
1+p+l—p 1+p+71—p 14 1-p (1_9)%
1L . 1 0.75p 1 0.75p
Tl T S

and the last expression tends to infinity when p — 1 since

p> _ _0.75p p?

—0.75
=P (1-p)? (1-p)? r

1 0.75p 1 )
L+ + 00 (1+%) (1—p)% +0.75p

and the numerator tends to infinity and the denominator to
0.75 when p — 1.
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