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Abstract—The timely sharing of raw sensing information in
the vehicular networks (VNETS) is essential to safety. In order
to improve the freshness of sensing information, joint schedul-
ing of multi-dimensional resources such as communication and
computation is required. However, the complex relevance among
multi-dimensional resources is still unclear, and it is difficult to
achieve efficient resource utilization. In this paper, we present a
theoretical analysis for a novel metric Age of Information (Aol)
on a communication and computation assisted spatial-temporal
model. An uplink VNETSs scenario where Road Side Units (RSUs)
are deployed with computational resource is considered. The
transmission and computation process is unified into a two-stage
tandem queue and the expression of the average Aol is derived.
The network interference is analyzed by modeling the VNETSs as
Cox Poisson Point Process based on stochastic geometry and the
closed-form solution of the coverage probability and the expected
data rate performance under the constraints of transmission
resources is obtained. The simulation results reveal the basic
relationship between communication and computation capacity
and show that communication and computation should reach a
tradeoff to improve resource utilization while ensuring real-time
information requirement.

Index Terms—VNETs, transmission-computation tradeoff, Age
of Information, tandem queue, spatial-temporal analysis

I. INTRODUCTION

The vehicular networks (VNETSs) have been identified as
one of the typical application scenarios of intelligent trans-
portation system in the future which can support a variety
of emerging services [1][2]. For time-sensitive applications,
vehicles need to continuously share the environment status and
road safety traffic to the road side unit (RSU) for analyzing
the collected data to obtain real-time sensing information,
thereby assisting the intelligent coordinated control. Age of
Information (Aol) is a new key performance indicator (KPI)
recently proposed for characterizing the freshness of the data
[3]. In order to make adequate deployment, it is not only
necessary to understand how the network affects the timeliness
of information transmission, but also to extract the status
information embedded in the data packet.

Recently, Aol has been used in communication systems for
various real-time applications (including VNETSs) due to the
high sensitivity to data freshness. The expression of peak and
average Aol with preemption was deduced in [4], where the
influence of channel access control (such as ALOHA) was

considered. In [3], the authors derived the peak Aol of large-
scale IoT uplink networks under time-triggered and event-
triggered traffic. In [6], the authors presented the Aol of
computation intensive data in edge computing, and considered
user local computing and remote computing on edge servers.

Although some scholars have carried out some research on
Aol in wireless networks, the related research has the fol-
lowing limitations: Although there are many analysis models
based on communication process, it may not be suitable to
describe the actual traffic processing of data packets because
the computation also impacts on the information freshness
performance. Moreover, the freshness of information in large-
scale wireless networks is usually leveraged based on queuing,
while queuing analysis only captures time influence between
transmitters and receivers [[7]. Due to interference, the Aol
is related with spatial distribution of active transmitter nodes,
leading to the queue of the link to influence each other in space
and time. In this paper, we investigate the communication
and computation assisted spatial-temporal Aol performance in
VNETs. The main contributions are as follows:

e A VNETs model is considered to establish spatial-
temporal model using stochastic geometry and queu-
ing theory to represent the macro and micro network
performance: the intelligent vehicles transmit sensing
data sampled by on-board sensors and implement data
demodulation process in RSUs [§]].

« A tandem queue model is proposed for the two stages of
transmission and computation, and the analytical expres-
sion of the average Aol is derived. The Cox point process
is used to represent the distribution of vehicles and RSUs
[9]. Some closed-form solutions of KPIs such as uplink
coverage probability and expected data rate are obtained.

o The simulation results evaluate the accuracy of the anal-
ysis and obtain the tradeoff between transmission and
computation.

II. SYSTEM MODEL

A. Vehicular Networks Spatial Model

As shown in Fig. [[{a), an uplink cellular-based VNETSs
model is considered. The intelligent vehicles can acquire
sensing information and transmit status update traffic to its
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associated RSU which is deployed with computational re-
source. We model the vehicles and RSUs by the Cox Poisson
Point Process (PPP) which is illustrated in Fig. [[(b). The road
is modeled as an independent motion-invariant Poisson line
process ¢; with line intensity j;, which can be represented on a
cylindrical space C := R x (0, ) generated by a homogeneous
point process ¥ with intensity A; = y; /7. Each node (p;, 0;)
in ¥ is associated with the corresponding line L; as follows

L; (pi,0;)= {(x, y) € R?|zcos (0;)+ysin (6;) :pi} , (D
where 6; denotes the angle between the line L; and the positive
direction of the z-axis, and p; denotes the distance between the
line L, and the origin [10]. By applying the Slivnyak theorem,
the translation of the origin can be regarded as the process of
adding a point to the space C [[11]. The tagged receive node
is located at the origin. Therefore, we can set [y to be the line
containing the tagged nodes, which represents the tagged line,
and ¢, be the 1-D Poisson point process on this line. @ is set
to represent the Cox PPP which contains the all transmission
nodes in VNETsS.
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Fig. 1. Spatial-temporal system model of the uplink VNETSs based on queue
and Cox PPP.

Next, the vehicles on each line are modeled as an inde-
pendent one-dimensional (1-D) PPP with intensity A, and the
RSUs are modeled with intensity A, by a similar process.
Without loss of generality, we assume that the ratio of nodes
in the transmitting state to all nodes is p and the transmission
vehicles work on the same frequency band as the RSUs. The
distribution of the nodes on the line is a PPP with intensity
Ap = Apy + Apr [8]. The vehicle transmission power is P, and
only one antenna is configured.

The interference of the wireless channel can be expressed
by a combination of standard path loss and small-scale fast
fading, where the standard path loss can be expressed as
| X7, where ||X,|| represents the distance between a
tagged transmitter and its related receiver. Considering the
high proportion of the Line of Sight (LoS) component between
the tagged nodes in the case of accessing the nearest RSU, the
small-scale fast fading can be assumed to be Rician fading.
The probability density function (PDF) of Rician fading can
be given by [12]]

fo(@) = (L4 K) e K000 (9 /K (T4 K)x
~ YN K et g e 0, W],

where I (-) denotes zero-order modified Bessel function of the
first kind, and K denotes the Rician factor which represents

2)

the ratio of the power of the LoS component to the power of
the diffuse component. N is the number of weighted terms
which is related to the Rician factor. Besides,the formula must
conform to the two constraints Zfi’; wk =1 and uX > 0.
To analyze the wireless link, the expression of signal-to-
interference ratio of the transmission link is given by

_ Pohe |1 X]°

= ) 3)
Iy, +10)4,,

T

where h,. and || X,.||”“ respectively denote the Rician fading
and path loss between the tagged transmitter and receiver. Iy,
denotes interference from nodes on the same road and I /¢,
denotes the interference from nodes on different roads.

B. Transmission and Computation Assisted Temporal Model

A tagged link is formed as the transmitter-receiver pair.
As depicted in Fig. B Aol is employed to measure the
performance of the transmission and computation assisted
system which is used to quantify the information freshness
of the process from the generation of sensing information to
the end of computation. When RSU does not demodulate the
content of the data packet, the Aol on the tagged link increases
linearly with a slope of 1. The Aol will reduce the time elapsed
from the generation of the data packet to the completion of
the computation. The process of data packages is subject to
the First-Come-First-Served (FCFS) principle. The definition
of Aol [3] is A(t) =t — A(t), where A (t) denotes the Aol
of the link, and A (t) denotes the end time of the tandem
process. Average Aol is usually used as a performance metric
to evaluate the freshness of information which can be obtained
as avgAol = Th—r>I<1>o% fOTA (t)dt [30.
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Fig. 2. Age of Information for transmission and computation tandem queue.

The two-stage tandem M/M/1 queue is used to establish the
transmission and computation assisted model. p; = bTR is the
transmission rate where b is the bandwidth, L is the packet
size in bit and R is the expected data rate. The computation
process is initiated after the transmission process ends. In the
process unit of RSU, the CPU cycle frequency can be adjusted
by voltage through dynamic voltage and frequency scaling
(DVES) technology, so the computation rate is pus = f/Lk
and the computation power is P. = ( f2 where x denotes the
number of CPU cycles required to process one bit and ( is the
conversion factor depends on the average switched capacitance
and the average activity [13].



III. PERFORMANCE ANALYSIS

In this section, we first obtain the transmission and com-
putation assisted Aol analytical expressions represented by
the M/M/1 tandem queue. Then we derive the closed-form
solution of coverage probability and the expected data rate rep-
resenting the uplink transmission performance of the VNETs.

A. Average Age of Information the Transmission-Computation
tandem queue

As shown in Fig. 3] the information traffic from the source
is transmitted in turn in the first queue, and then reaches the
second queue to continue computation process. It is assumed
that the traffic arriving at the first queue follows Poisson dis-
tribution, which means the sampling time interval of different
data packets is the negative exponential distribution with the
parameter .

The M/M/1 tandem queue conforms to the overtake-free
and quasi-reversible properties [[14]. An important feature of
the quasi-reversible queue is that the Poisson traffic passing
through the queue is statistically invariant and can produce
a Poisson output traffic at the same rate, in other words,
Poisson-in-Poisson-out. Therefore, the interaction between the
transmission queue and the computation queue can be ig-
nored when calculating the average Aol, and an approximate
tractable result can be obtained.

Transmission computation

Fig. 3. The transmission-computation tandem queue for vehicle and tagged
RSU.

Next, for a certain data packet in the system, the process
is shown in Fig. @l w! denotes the queuing time of the first
queue, 7} denotes the transmission time of the first queue and
T7§2) is the time of the packet in the second queue.
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Fig. 4. Packet process flow in sensing information traffic.
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Fig. 5. Time period division between adjacent packets.

When calculating the average Aol, we only pay attention to
the time interval distribution of each data packet sampling Y,
and the system time distribution 75, dge to the fundamental
formula avg Aol = (E [T,Y,]+ E YTD JE[Y,] in [].

Therefore, the sum of the service time in the first queue and
the system time in the second queue can be approximated as

the overall service time 7,,. Thus, T;, = w}l + 7n, in which
7, and T, are independent. As shown in Fig. Bl w! can be
divided into two situations: if the current n — 1 packets have
been processed, w! is 0, and if the current n — 1 packets have
not been processed, w}l = T,—1 —Y,. Thus the expectation of

w! under condition Y,, = y can be derived as
=BT -Y)*] = [* (t—p)fr ()t

Then, the transmission rate and the computation rate are set
to py and pa, respectively. Based on the statistical indepen-
dence of the queue, when g # po, the distribution of the
sojourn time of the tandem queue is given as

fr(t) = fot (1 — N)em=N=v) (1 — \) e~ (H2=Ny gy

(B1 =) (H2 =) [e*(lm*)\)t _ ef(urA)t] )
1 —p2

“

)
When Y,, = y, the conditional expectation of w} is given
as

E [w711|Yn = y] = nyroo n (t — y) [67(“27”’5 — e*(#l*)\)t] dt

. e~ (n2=Ny e~ (H1 =Ny
{ (n2—=2)? (11—=2)? } ’
(=N (p2=X)

M1 — 2
So the expectation of w'Y;, is given as

Elw,Ya] = [y B lwy Yo =y] - fv (y) dy
oo e~ (h2=N)y e~ (H1=Ny Y
= Iy |G - G| e )
_ 1 _ 1
= {(uz—/\)zuﬁ (m—/\)zu?} '
The total service time expectation is approximately the sum

of the service time expectation of the two queues, and the
average Aol of the tandem queue is derived as follows

(6)

where 1 =
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The average Aol in the tandem queue is given as follows
when p1 = po
2)2 22 2 1
awgAol ~ —/ + ——— + — + —. )
o (p=A e op A
Proof. See Appendix A. o

B. Transmission Data Rate

To facilitate the performance analysis of the proposed
model, we first derive the uplink coverage probability
P (P,,T) where P, is the vehicle transmission power and
T is the threshold. 7" can be regarded as an indicator that
reflects quality-of-service (QoS). The larger value of 7" may
represent higher requirement for SIR, which means that better



received signal quality is required to correctly demodulate
useful signals. The uplink coverage probability is given as

N P\ =
P(PU,T):ZwiKeXp —e1 | Apr (F) + Apw
i=1 v

2
P\~
—E&92 Apr (F) + )\pv )

2m(ufT) s 1l

, 10
2m® N (uf T) o || x|
sin(a « sin(%‘)a :

When T and P, is fixed, the closed-form solution of
the expected data rate can be obtained according to R =
log, (14+T)P (R, T) .

where 1 = and €5 =

Proof. See Appendix B. |
IV. NUMERICAL RESULTS

In this section, we present the simulation results of the
following three parts: the average Aol of the transmission-
computation tandem queue; the coverage probability and
expected data rate of the uplink VNETSs; the average Aol
with different transmission and computation capability. Monte
Carlo method is used to verify the correctness of theoretical
analysis. The simulation range is a circular area with radius
1 km, the intensity of roads ); is 5 X 103 /m, the distance
between the tagged nodes || X,|| is 20 m. The intensity of
transmission vehicle A,, and RSU ), are 1 X 102 and
3 x 1073, respectively. The bandwidth b is 2 MHz. The
data packet sampling rate A is 100/s with packet size L
set to be 1 x 103 bits. Path loss exponent « is set to 3,
and RSU transmission power P, is 33 dBm. We assume
that RSUs are deployed with sufficient computation resources
which the CPU cycles required for computing one input bit
kis 1 x 10° cycles/bit [15]. The considered communication
resource is the vehicle transmission power P, in the range of
[15,30] dBm and the considered computation resource is CPU
cycle frequency f which is [0.15,0.45] x 10 cycles/bit. The
conversion factor ¢ is 1.25 x 10725 J/cycle. The Rician fading
coefficients w’ and uf* [13] are listed in Table 1.

TABLE I
RICIAN FADING SIMULATION PARAMETERS
Term Index n=1 n=2 n=3 n=4
wiK -0.8993 | 5.9324 | -5.4477 | 1.4145
uZK 1.2475 1.4298 1.7436 2.0326

Fig. 16l shows the average Aol with different transmission
rates and computation rates when the data packet sampling rate
is fixed to 500 /s for obvious comparison. The approximation
is based on the statistical characteristics of the Poisson-in-
Poisson-out of the tandem M/M/1 and the queue interaction is
ignored. The analytical results are consistent with the results of
the simulations which confirms the validity of the assumption
and the accuracy of expressions. When the transmission and
computation rate increase, the average Aol will decrease.
Moreover, the corresponding law of the two rates to the
average Aol is the same. In other words, increasing the

same amount of transmission or computation rate will result
the same reduction in average Aol. Further analysis shows
that with the continuous increase of transmission rate and
computation rate, the reduction degree of the average Aol
becomes smaller and tends to be stable.
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Fig. [7 and Fig. 18] show the uplink coverage probability
and the expected data rate. As can be seen in Fig. [/l for
any vehicle transmission power and the distance between the
tagged transmitter-receiver, when the SIR threshold increases,
the coverage probability decreases. For a larger distance be-
tween a vehicle and a tagged RSU, the signal power received
by a tagged receive RSU will experience larger path loss,
thereby reducing coverage performance; when the vehicle
transmission power increases, the interference transmission
power of the RSU remains unchanged in this case, while the
useful signal power of the tagged receiving node will increase,
thereby achieving better coverage performance. Fig. [8] shows
the expected data rate under different vehicle transmission
power and different distances between the tagged transmitter-
receiver. The 7' is set to —10 dB. With the increase of vehicle
transmission power, the expected data rate increases. When
the intensity of transmit vehicles in the network is fixed, by
increasing the transmission power of the transmit vehicles, the
transmission rate will increase monotonically, contributing to



reducing the average Aol and improving information freshness
of data in the transmission process.
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Fig. B and Fig. [I0] show the trend of the average Aol with
different vehicle transmission power and computation power.
Fig. 91 shows that increasing the vehicle transmission power or

computation power results in a better average Aol. As shown
in Fig. when the computation capability is fixed, blindly
improving the communication capacity will not effect on the
obvious improvement on Aol. When computation power is
20 dBm and average Aol is 22 ms, the transmission power
is about 25 — 30 dBm. So if the transmission capacity does
not match the computation capacity, it is not only difficult
to guarantee the information freshness, but also a waste of
resources, e.g. if the computation rate is too slow to execute
tasks timely, increasing the transmission rate blindly is useless
and leads to radio frequency (RF) power consumption waste
and vice versa.

V. CONCLUSION

In this paper, the aim is to access the freshness of sens-
ing information based on transmission-computation process
in uplink VNETSs scenario where vehicles are deployed for
sensing data transmission and RSUs are served to enhance
computation. A two-stage tandem queue is proposed to an-
alyze the communication and computation assisted temporal
performance of Aol and the Cox PPP is used to model spatial
distribution of vehicles and RSUs. The closed-form solutions
of the coverage probability and expected data rate as well as
the analytical expressions of the average Aol of the tandem
queue are derived. The simulation results verify the accuracy
of these analysis and show that a tradeoff scheduling between
communication and computation capacity will contribute to
enhancing sensing information freshness and making efficient
use of resources.
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APPENDIX
A. Proof of average Aol when 1 = s

When ;1 = po, the statistical independence characteristics
based on cohort are:

fr(t) = Y

Then we can derive the conditional expectation of w} when
Y, =y and p; = po:

(1 — N2 te= (BNt

EwplYa=y] = [ (t—y) (p =N te " Vtar
e~ (h=X)y
= ye —(u=Ay 4 2 —
12)
Next the expectation of w}lYn is given as:
ElwYo] = [y EwalYa=y] - fy (y)d
— fooo [ye (B=Ny ¢ W} -)\e_)‘ydy (13)

:/\[F

=l
(b=2u? | *



so the average Aol when p; = o is as follows:

2
E[w}lYH]JrE[TnYn]JrE[%]

avgAol = V]
AE g Gt )
o A

the proof is finished.
B. Proof of P (P,,T)

In the uplink VNETS scenario, the coverage probability can
be calculated as

P(PU,T):P[%>T]:P

(i) Nx K‘CLPZ (w) ‘CI‘I’NJZO (W),

5)
where (a) follows that the interference can be approximated
by (2) for Rician fading and set w = uTllliX”a
The Laplace transform of the interference ‘of RSUs from the

same road can be derived as

—wPrgi|| X7 |7
B |Tjxq e, © #1500

D exp (= [ By [1- eora 7], 71071
0

1
@ exp (—2/\pr (wPT)é E {gl"‘} r(1- é)) ;

(16)
where (a) follows that expectation of the independent PPP
can act on Rayleigh fading ¢; ~ exp (1), and (b) follows

1
the properties of the Gamma function E {gﬁ} I (1 - l) =
P+ (-1) = of
vehicles, the close-form solutlon can be obtained by a similar
method. Then the interference of nodes on the same road can
be derived by substituting (16) and the solution to £y, (w) =

. For the interference from

—wPrgi|| X[ |7 —wPugu | X7 7

E[ .
Il =eon, ©

£I¢l0 (w) = €xp (_

a7

Next is the Laplace transform of the interference of RSUs
from different roads

—wPrg Xr s
B |y easan, ¢ 7151

(@ o WP, (\/W)7
= 1pjew ©XP —2Apr f 1+wP, (ﬂ /o 2+tz‘) = dt
(b (18)

= exp (21N [y 1— e e U)dt)
9 exp (21 [ 2AprA (v) dv)

= exp
where (a) follows the Euclidean distance from the transmitter
to the tagged RSU and the probability generating function
(PGFL) of the 1-D PPP [(p;,0;), and (b) follows A (v) =

00 wPT(\/'U2+t2)7a . .
fo W(lt and PGFL of independent line pro-
cess ¥ [12], and (c) using Taylor expansion to obtain the

R

TIX- |
[hr > Hps (L% + I@/moﬂ

2 (WK T) @ [ X, \ =
(sin# Apr (;;) A ) )

first two components with a large proportion for computation
approximation: e* = Y70 L = 14z + 0 (7). 2\, A (v)
is small enough to be ignored when s > 1. Step (d) uses the
transformation of the polar coordinate.

The close-form solution can also be obtained for the in-
terference from vehicles using the similar method as (18).
Then the interference of nodes on different roads can be
derived by substituting (18) and the solution to Ly, vq (w) =
—wPrg || X5 || 7" —wPug || X3 }

E [ »
syl eoson, ©

Elq}/‘blo (w)
7oA (WK T) X, )2 :
—o <_2 E‘“(%)) (A’” (%) i Apv)) '(19)

Substituting (17) and (19) into (15) yields the result.
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