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Abstract—In this paper, we analyze the age of information
(Aol) performance of a multi-user mobile edge computing (MEC)
system where a base station (BS) generates and transmits
computation-intensive packets to user equipments (UEs). In this
MEC system, we consider two computing schemes, namely, the
local computing scheme and the edge computing scheme. In the
local computing scheme, each packet is transmitted to the UE
and then computed by the local server at the UE. In the edge
computing scheme, each packet is computed by the edge server at
the BS and then transmitted to the UE. Considering exponentially
distributed transmission time and computation time and adopting
the first come first serve queuing policy, we derive the closed-
form expressions for the average Aol of these two computing
schemes. Simulation results corroborate our analysis and examine
the impact of system parameters on the average Aol.

Index Terms—Age of information, mobile edge computing, first
come first serve.

I. INTRODUCTION

In recent years, real-time applications, such as intelligent
transport systems and factory automation, have attracted a
wide range of interests. In these applications, timely status
updates are significantly critical for accurate monitoring and
control [1,2]. In order to fully characterize the freshness of
delivered status information, the concept of age of informa-
tion (Aol) was introduced as a new performance metric [3].
Specifically, Aol is defined as the elapsed time since the last
successfully received status was generated by the transmitter,
which is a time metric that captures both the latency and the
freshness of a transmitted status. In real-time applications, data
processing usually consumes a significant amount of time,
due to the limited computing capacity of the local server.
This seriously degrades the Aol performance. To tackle this
problem, mobile edge computing (MEC) was introduced by
the European Telecommunications Standard Institute (ETSI)
[4]. In MEC systems, the server deployed at the network edge,
called the edge server, is exploited to offload data processing
from the local server [5, 6]. Owing to the powerful computing
capacity of the edge server, the MEC system can significantly
reduce the computation time [7-9].

The Aol has been widely evaluated as an effective perfor-
mance metric of MEC system, starting from the point-to-point
system. In [10], a status sampling policy was designed to
minimize the average Aol of the MEC system. By considering
power allocation between transmission and computation, [11]
proposed a scheduling policy to minimize the average Aol of

the MEC system. Based on the Aol, [12] introduced the age of
task (AoT) and designed an offloading policy to improve the
AoT performance of the MEC system. In addition, [13] inves-
tigated the effect of different computing schemes on the Aol
performance and found that partially offloading tasks to the
edge server has the better Aol performance than other schemes
in the MEC system. Building upon these efforts on the MEC
system with a single user, increasing research efforts have
been devoted to investigating the Aol performance of multi-
user MEC systems. [14] designed the edge resource allocation
to minimize the average Aol of a multi-user MEC system.
[15] proposed a deep reinforcement learning based scheduling
policy to minimize the average Aol of an unmanned aerial
vehicles (UAV) assisted multi-user MEC system. Although the
aforementioned studies have designed the scheduling policy to
minimize the average Aol and analyzed the Aol performance
of different MEC systems, the impact of different computing
schemes on the Aol performance of a multi-user MEC system
has not been investigated.

In this paper, we study the Aol performance of a multi-user
MEC system. In this system, the base station (BS) transmits
computation-intensive packets to multiple user equipments
(UEs). The packet can be computed by either the local server
at each UE, referred to as the local computing scheme, or
the edge server at the BS, referred to as the edge computing
scheme. We derive the closed-form expressions for the average
Aol in these two computing schemes. Using simulations, we
demonstrate the accuracy of our analysis results. We then
characterize the impacts of various design parameters on the
average Aol in two computing schemes.

II. SYSTEM MODEL AND AVERAGE AOI

In this paper, we consider a downlink system as depicted
in Fig. 1, where the BS transmits time-sensitive packets to /N
UEs. We denote the nth UE by U,,, where n = 1,2,--- | N.
In this system, the BS generates the packet of U, according
to a Poisson process' with rate \,. To ensure the freshness
of packets, we consider an MEC system, where each packet
can be computed by either the local server at UE or the
edge server at the BS. Depending on which server computes
the packets, we introduce two computing schemes, i.e., the

'We assume that the packet generation processes among UEs are indepen-
dent but not identical.
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Fig. 1. Illustration of our considered MEC system where the BS transmits
time-sensitive packets to N UEs.

local computing scheme and the edge computing scheme. In
the local computing scheme, the BS directly transmits the
generated packet to the UE for the local computing as shown in
Fig. 1(a). In the edge computing scheme, the edge server at the
BS computes the packet and then transmits the computational
result of the packet to the UE as depicted in Fig. 1(b). In
the MEC system, we assume that the packets in the queues
are served with the first come first serve (FCFS) queuing
policy. We then assume that both the computation time and the
transmission time of a packet follow exponential distributions
[16], where ., is the computation rate of the local server at
U,, iup is the computation rate of the edge server at the BS,
and pp is the the transmission rate of the BS.

Our target is to analyze the average Aol of the considered
MEC system. To meet this target, without loss of generality,
we arbitrarily select one UE, U,,, and analyze its average Aol,
A,,, which gives the average Aol of the system. Fig. 2 plots a
sample variation of Aol for U, A, (t), as a function of ¢. We
assume that the observation begins at t = 0, where the Aol is
A, (0). From Fig. 2, we express the Aol of U,, at time ¢ as

An(t) =t — un(t), (1)

where u,,(t) is the generation time of the last received com-
puted packet of U, at time ¢. Then the time-average Aol of
U,, over the observation time interval (0, 7) can be calculated

as
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We denote P, ; as the jth packet generated after time ¢ = 0
of Uy, j = 1,2,---. We then denote Y; as the time interval
between the generation time of P, ;_; and the generation
time of P, ; and denote T} as the time interval between the
generation time of P, ; and the time that U, obtains the
computational result of P, ;. Therefore, we have
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Fig. 2. The Aol variation of the selected UE, U,,.

where t; is the generation time of P, ; and t;- is the time
that U,, obtains the computational result of P, ;. We note that
Y, = t; is obtained by setting ¢ty = 0. Considering that U,
obtains the computational result of the mth packet at the end
of this observation time interval, i.e., 7 = ¢/, we calculate the
average Aol as
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where (@); is the area shown in Fig. 2. From Fig. 2, we see that
Q1 is a polygon and @); is an isosceles trapezoid for j > 2,
which can be derived from two isosceles triangles, i.e.,

1 2 1. Yj2
Q; =5¥;+1)" = 517 = — + YiT;. (6)
We note from (5) that, when 7 — oo, the impact of Q; and 772,

on the average Aol is negligible, i.e., lim,_, %QI%T = 0.

Moreover, due to the fact that 7 = Y3 +Zm:2 Y;+T,,, we can
obtain lim, o, —5 = E[Y]], where IE[]7 is the expectation.
Therefore, by integrating (6) into (5) and taking 7 to infinity,
we obtain the average Aol of U,, as

lim m_l Z Q;

m—ro0

_E[Q;] _ E[P)+2E[Y;T;]
E[Yj]  E[Y)] BY;]
As the BS generates the packet of U,, according to a Poisson
process with rate A, we obtain E[Y?] = 2/A2 and E[Y] =
1/\,, and thus

Ap= (7

1

Finally, by averaging A,, over all UEs, we obtain the average
Aol of the MEC system as

1
A=+ A ©)

It is worthwhile to note that, when the arrival rate of the
packet is higher than the serving rate in any queue, the average
Aol of U, goes to infinity, since T goes to infinity in (8).
Thus, in order to ensure system stability, we assume that the
arrival rate of the packet is lower than the serving rate in each
queue.



III. CLOSED-FORM EXPRESSION FOR AVERAGE AOI

In this section, we derive the closed-form expressions for
the average Aol in the local computing scheme and the edge
computing scheme, respectively.

A. Local Computing Scheme

We first derive the closed-form expression for the average
Aol in the local computing scheme, given in Theorem 1.

Theorem 1: In the local computing scheme, the closed-form
expression for the average Aol of U, is given by

A 1 N 1 N 1 N Aln A2,
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13 (1D = A=) (= An) (14D + i — A)
where A =S X\, and A, = A — A,
Proof: In this scheme, we denote X; p and X,y as
the queuing delay of P, ; in the transmission queue and the
queuing delay of P, ; in the computation queue of the local
server at U, respectively. They are given by

. (10)

Xjp=1t;p—tj (11)

and

Xiv= t; —t.D, (12)

respectively, where ¢; p is the time that U, receives P, ;. Note
that the queuing delay of P, ; in each queue is the summation
of the waiting time and the serving time of P, ; in the queue.
Thus, we rewrite X; p and Xy as

Xj,D = Wj,D + Sj,D (13)
and
X;uv=W;uv+Su, (14)

respectively, where W; p and S; p are the waiting time and
the transmission time of P, ; in the transmission queue,
respectively, and W; iy and S ¢y are the waiting time and the
computation time of P, ; in the computation queue of U,’s
local server, respectively. Based on the fact that S; p and S, s
are independent of Y}, we calculate the average Aol of U, in
the local computing scheme, A,, ;, as

+ MEY,

1
Ay = ~ i(Sjp +Wjp+Sjv+W;u)l
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To obtain A,;, we need to derive E[Y;W;p] and
E[Y;W; y] in (15). We first derive E[Y;W; p]| as
E[Y;W; p] =E[Y;W; p|B; p|Pr(B;,p)
+E[Y;W; p|L;p]Pr(L;p),

(E[Y;W; pl+E[Y;W;0)]). (15)

(16)

where B; p denotes the event that P, ; is generated before
P, j_1 arrives at the transmission queue and L; p denotes

the event that P, ; is generated after P, ;_; arrives at the
transmission queue. Here, B; p and L, p are two comple-

mentary events such that Pr(B; p) 4+ Pr(L; p) = 1. When
B; p happens, W; p is calculated as
Kjy
Wip=Xj-1.0 =Y+ ) Sjwp; a7
k=1

where K, is the number of packets generated for other UEs
during Y; and S . p is the transmission time of the ~th packet
among K, packets. Based on (17), we obtain

1 A
Sl Ay
UD— A pD
According to (18), we calculate the first item in (16) as

E[W; plYj =y, Bjp] = (18)
E[Y;W; p|Bj p]Pr(B;,p)

= / yfy, (y)Pr(B; plY; =y)E[W; p|Y; =y, Bj pldy
0

An 22 1
= + . 19
(,uD - A—n)2 <MD(ND - >\—n) KD — A) (19)

We then calculate the second item in (16). When L; p hap-
pens, W; p is calculated as

Kj,e

Wip = E S, D
k=1

where K; . is the number of packets in the transmission queue
when P, ; is generated. Based on (20), we obtain

An
pp(pp — An)’
According to (21), we calculate the second item in (16) as

(20)

E[W;.plY; =y, L;p] = 2y

E[Y;W; p|L;j p]Pr (Lj p)

= / yfy, (y)Pr(L;p|Y;=y)E[W; plY; =y, Lj pldy
0

= 7):
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Combining (19) with (22), we obtain E[Y;WW; p] in (16).
Next, we derive E[Y;W; /] in (15). Here, we denote Y, p as
the time interval when P, ;_; and P, ; arrive at the computa-
tion queue of the local server at U,,,i.e.,Y; p = t; p—1t;_1,p.
As E[W; Y;] is calculated as

(22)

EV50%5] = [ s GBIV, 1Y, = iy

//yfy W) fyv, o1y, W'ly)

E(W,ulY; =v,Y;p =y |dy'dy,

we need to derive fy, .|y, (v'|y) and E(W; v|Y; =y,Y; p=1]
to obtain E[Y; W) y]. Here, W, iy only depends on the queuing
delay of P, ;_; at the local server, i.e.,

(23)

exp(—(tin — An)y’)
Hn — An .

EW,ulY; =v.Y;p=91= (24)



We then derive fy, |y, (y'|y) by first calculating Y; p as
Yip=X;p+Y; - X 1p. (25)

Here, we consider two complementary events, B; p and L; p,
. /
and derive fy, ,|y;(v'|y) as

Iy, o1y, W'1Y) =0y, 0B oy, +Pv,poL oy, (26)
where py. ,, B, ,|y; and py; , 1, 5|y, are given by
PY;0.8,0lv; = Iy, 01v;,8,0 ('ly; Bjp)Pr(B;jp)  (27)
and
Py; p,L;plY; = ij,D‘YJ'vLj,D(y/|y’ Lj,D)Pr(Lj-,D)a (28)

respectively.
When B; p happens, Y; p depends on the transmission
time of the packets generated during Y; at the edge server.
We consider that there are K;, = k packets generated
during Y;. As the transmission time of each packet follows
an independent and identical exponential distribution, the total
time consumed to transmit these k packets and P, ; follows

a Gamma distribution, whose pdf is given by
1k, k+1

Yy
v, ok, , (k) = LHD

Thus, we calculate py, ,, B. ,|y; as

exp(—ppy’)

k! 9)

PY;0.B501Y; = JY, 015,80 W'ly, Bj p)Pr(Bj,p)

= Pr(Kjy =klY; =) fy, px,, ' |k)Pr(B; p)
k=0

= ppexp(—up(y +y') — Ay) o (2 Afn/wyy’), (30)

where Io(-) is the modified first-kind Bessel function of the
zeroth order.

When L; p happens, Y; p depends on the time interval
Y; — X;_1,p and X; p. In particular, X; p depends on the
number of the packets in the transmission queue when P, ; is
generated. We consider that when P, ; is generated, there are
K . = k packets in the transmission queue. As the transmis-
sion time of each packet follows the independent and identical
exponential distribution, the total time consumed to transmit
these k packets and P, ; follows a Gamma distribution, whose
pdf is given as

ab !t exp(—ppas)

Ix; o1 (w2]k) = o 31)
Thus, we calculate py, ,, 1., ,|v; by (28) and obtain
_(MD_)‘)(UD_/\—H) ’
Py;p,L;ply; = (2ND_)‘_/\%) (eXp(_(MD_)‘)(y_y ))
—exp(—(up — Ny — (up — A_n)y')),
(32)
for y' < y, and
(D =MD —An) /
PY;p.Liply; = (2/1/[)_/\_)\771) (eXp(_(/’LD_)‘—’rL)(y _y))
—exp(—(up=Ny—(up—=A-n)y")), (33)

for y > y. By substituting (30), (32), and (33) into
(26), we obtain fy, |y, (y'|y). Furthermore, by substituting
fyj,Dlyj(y/ ly) and (24) into (23), we obtain

An(p — AN (D + fin — A—n)
/”L’?L(/’[’D - /\—n)(,un - )\n)(MD + oy — )\)
/\n(,uD + fn — >\n)
. (34)
1o (B — An)(BD + ftn — A)?

Finally, we obtain the final result in (10) by substituting the
(16) and (34) into (15). [ ]

EW;uvY;] =

B. Edge Computing Scheme

We then derive the closed-form expression for the average
Aol in the edge computing scheme, given in Theorem 2.

Theorem 2: In the edge computing scheme, the closed-form
expression for the average Aol of U, is given by

" >\" KB KD MB(MB—A—”) /“LB(MB_A—TL)?)
)\2
- M (@B, + PerL, ) 35
TN up—ayp T Pepie ¥ Pesn) G

where ®. ., and ®.,, are given by (36) and (37),
respectively.

Proof: In this scheme, we denote X; g and X p as the
queuing delay of P, ; in the computation queue of the edge
server and the queuing delay of P, ; in the transmission queue,
respectively. They are given by

X;p=1tjB—1 (38)

and

Xjp =1t —tjB, (39

respectively, where t; g is the time that P, ; arrives at the
transmission queue. By following the procedure in the proof
of Theorem 1, we calculate the average Aol of U,, in the edge
computing scheme, Ame, as

1
Ape =~ + ME[Y;(S; 8+ W;p+Sjp+W;p)]
1
=*+*+lTD+/\n(]E[5GWj,B]+E[Yjo,D)]), (40)

where W; g and S} p are the waiting time and the computation
time of P, ; in the computation queue of the edge server,
respectively, and W; p and S; p are the waiting time and
the transmission time of P, ; in the transmission queue,
respectively. To obtain A,, ., we need to derive E[Y;W, p]
and E[Y;W; p] in (40). Similar to the proof of Theorem 1,
we obtain

An

AntiB (B —A=n)
An

+ 3
(k=M (1B —=A-n)

We then derive E[Y;W; p] in (40). We denote Y; g as the

time interval when P, ;_; and P, ; arrive at the transmission

queue, i.e., Y; p = t; B — tj_1,B. We then denote Bj; g as

AnA_n

EW;Win] = pB(pp—A-pn)?

(41)



An(pp + up — A)
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P g (up =N (st —A—A_)? (nB — pp)(p — A) (D + 1 — A = A-p)
2 2
N AnA_n(pB — >\)(,U*B —A_n) ((MD,)_”)S - (#B,)_np) 220 A (ip + B — A) 36)
pp(pB — o) (BB + 1D — A = A_y) peip (D + g — A —A_p)?’
_ )\n(,UfB*A)(,UfB*Afn) B_1 7 — D_l pl
(be’Lj’E _ A—'n, i B An(,UfB + KD )\) - ((l" A—n) (HD=A—n) ) (37)

pp(tp—=A—n)\ A pB(LB+HD—A=A_y)?

(up — pB)(HB + D — X — A_p)

the event that P, ; arrives at the transmission queue before
P, j—1 is transmitted to U,, and L; g as the event that P, ;
arrives at the transmission queue after P, ;_; is transmitted to
U, . Based on these two complementary events, we calculate
E[Y;W;.p] as

E[Y;W; pl=®e B, 5 + Pe,L; s (42)

where ®. 5, , = E[Y;W; p|B;p|Pr(B;g) and ®. 1, , =
E[Y;W; p|Lj g]Pr(L; k). Since ®. g, , is calculated as

®e 5, =E[Y;(Xj-1.0 — Y} B)|BjelPr(B; k)
Kjy
+]E Y} Z Sjﬂi,D Bij PI‘(B]‘)E>7 (43)
k=1

we follow the similar procedure in the Proof of Theorem 1
and obtain @, g, , given by (36). In addition, we calculate
(I)Q LiE as

bero= [ [ EWnlY =y Liclufs )
0 0
X fy, nly, W' W)Pr(L; |V = y')dy'dy, (44)

and obtain @, L given by (37). Combining (36) and (37),
we obtain E[Y;W; p] in (42). Finally, we obtain the final result
in (35) by substituting the (41) and (42) into (40). [ |

IV. NUMERICAL RESULTS

In this section, we present numerical results to validate
our analysis in Section III. In particular, we first present
numerical results in the homogeneous case where all the UEs
share the same packet generation rate )\, and the same local
computation rate up, i.e., A, = A\p and u, = up for Vn. We
then present numerical results in the heterogeneous case where
the UEs have different packet generation rates and illustrate
how this difference affects the average Aol.

Fig. 3 plots the average Aol of the MEC system versus the
packet generation rate, \;,. We first observe that the analytical
average Aol of the MEC system tightly matches the simulation
result, which demonstrates the correctness of our analytical
result. We then observe that for both the local computing
scheme and the edge computing scheme, the average Aol
of the MEC system first decreases and then increases when
Ap, increases. This observation is due to the fact that the
increase in A;, has a two-fold effect on the average Aol of
the MEC system. When ), is small, this increase leads to a
high updating rate of packets, which decreases the average Aol
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Fig. 3. The average Aol of the MEC system versus the packet generation
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of the MEC system. When \;, exceeds a certain threshold, its
increase leads to the significant increase in the waiting time of
a packet in computation queues and the transmission queue,
thereby degrading the Aol performance.

Fig. 4 plots the average Aol of the MEC system versus the
number of UEs, N. We first observe that when N increases,
the average Aol of the MEC system increases monotonically
and this increase in the edge computing scheme is faster
than in the local computing scheme. This is because that the
increase in N results in the longer waiting time of a packet
in both the transmission queue and the computation queue
of the edge server, which increases the average Aol of the
MEC system. In the edge computing scheme, the packets
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computed by the edge server increases dramatically as N
increases, which results in a long waiting time of a packet
in the computation queue. We further observe that the edge
computing scheme has a lower average Aol than the local
computing scheme for small N, but a larger average Aol for
large N. This is because that for a small number of UEs,
compared to local computing, edge computing can provide the
higher computation rate via the powerful edge server, thereby
decreasing the average Aol of the MEC system. Differently,
for a large number of UEs, local computing can avoid the long
waiting time in the computation queue of the edge server by
allocating the packets to the local server, which decreases the
average Aol.

In Fig. 5, we consider the heterogeneous case where a half
of UEs have the packet generation probability Ay, and the
other half of UEs have the packet generation probability A, .
We denote U; as a UE arbitrarily selected in the first half
of UEs and U, as a UE arbitrarily selected in the other half
of UEs. We then define the packet generation ratio of U; as
ﬁ. We assume that the BS generates two types of UEs’
packets with a total rate A, i.e., A = %()\hl—i—)\hz). From Fig. 5,
we observe that for both schemes, the average Aol of the MEC
system first decreases and then increases. This is because that
given the total packet generation rate A, the increase in Ap,
means the increase in the packet generation rate of U; and the
decrease in the packet generation rate of Us. When A; is small,
the average Aol of U; dominates the average Aol of the MEC
system. In this case, the increase in U;’s packet generation
rate significantly reduces the average Aol of Uj, leading to a
reduced average Aol. When )y, is large, the average Aol of
U, is large due to small Ap,, which dominates the average Aol
of the MEC system. In this case, the increase in U;’s packet
generation rate significantly increases the average Aol of Us,
which results in the increase in the average Aol of the MEC
system. We further observe that the minimum average Aol of
the MEC system is obtained when the packet generation ratio
of U; is 0.5, i.e., Ap; =Ap, = % It implies that the minimum
average Aol of an MEC system can be obtained when the BS

uniformly generates the packet for UEs.

V. CONCLUSION

We analyzed the average Aol of a multi-user MEC system
with two computing schemes, i.e., the local computing scheme
and the edge computing scheme. We derived the closed-form
expressions for the average Aol, where the packets are served
in both the computation queue and the transmission queue
according to the FCFS policy. From simulation results, we
demonstrated the accuracy of our analysis and illustrated the
impacts of different system parameters on the average Aol.
Furthermore, we considered a heterogeneous case where the
UEs have different packet generation rates and observed that
the same packet generation rate among UEs minimized the
average Aol of the MEC system.
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