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ABSTRACT While the 5-th generation of communication networks (5G) is taking its first deployment
steps, high doubts still concern the fulfilment of the stringent requirements of its slices. To meet these
complex requirements, robust access networks should support the current 5G air interface. In this regard,
space and air networks, namely satellites and unmanned aerial vehicles (UAVs) are expected to play a
key role due to their wide coverage and scalable deployment respectively. Currently, the integration of
these platforms in the terrestrial networks is weak though. Therefore, we suggest bridging this gap by
designing a heterogeneous traffic offloading approach in the space-air-ground integrated network (SAGIN).
Our innovative offloading approach covers the co-existing requirements of two heterogeneous slices of 5G
by offloading smartly the traffic to the appropriate segment of SAGIN. Specifically, the ultra-reliable low-
latency communications (URLLC) traffic is offloaded to the UAV link and to the terrestrial link to satisfy
its stringent requirements in terms of latency. However, the enhanced mobile broadband (eMBB) traffic
is offloaded to the UAV link, to the terrestrial link and to the satellite link because it is less sensitive to
delay but needs high data rates. Our offloading approach boosts the network’s availability and reduces the
latency experienced in SAGIN through an efficient resource allocation and an optimized design of the UAVs
trajectory. Our findings highlight the key role that the concrete integration between SAGIN segments plays
to achieve a better quality of service (QoS) for different slices with heterogeneous requirements.

INDEX TERMS Enhanced mobile broadband (eMBB), space-air-ground integrated network (SAGIN),
traffic offloading, ultra-reliable low latency communication (URLLC), unmanned aerial vehicle (UAV).

I. INTRODUCTION

THE fifth generation of communication networks (5G)
and beyond is envisioned to address various slices with

heterogeneous requirements [1]. Among these slices, ultra-
reliable low latency communication (URLLC) is receiving
tremendous attention in academia and industry because it
enables new applications and emerging services such as
autonomous factory, inter-vehicular communications and e-
health. URLLC addresses the intermittent transmissions that
impose stringent requirements in terms of reliability (the
acceptable dropping rate is less than 10´5) and low latency
(1ms) [2], [3]. These requirements make URLLC a chal-
lenging implementation scenario though, especially since 5G
should simultaneously answer different needs imposed by the
other slices. For instance, the enhanced mobile broadband
(eMBB) slice of 5G, which addresses the stable connections
with large payloads over extended time intervals, demands

high data rates but is less sensitive to reliability [1].

To face these challenges, various technologies such as
Terahertz communications, optical wireless communications,
free-space optical communication, and dynamic network
slicing should support the 5G networks [4]. Among these
technologies, space-air-ground integrated network (SAGIN)
is expected to stand out as a key player [4], [5]. SAGIN
consists of three network segments: the space segment which
includes the satellites, the air segment which includes the
unmanned aerial vehicle (UAV) and the ground segment
which includes the terrestrial communication networks [5]–
[7]. These segments can cooperate and complement each
other through their own privileges [6], [7]. For instance,
satellites have the privileges of wide coverage and wide
bandwidth. However, UAVs have the privileges of scalable
deployment, mobility, low latency and reliability [8], [9].
Hence, space and air segments can support the terrestrial
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network to increase the users’ connectivity and hence im-
prove the service continuity, especially in under-served and
rural areas. Moreover, space and air segments can support
the terrestrial network to increase the backhaul capacity and
hence improve the network’s availability, especially in dense
areas where a large volume of data is exchanged constantly.

Therefore, we observe that a concrete and self-adaptive in-
tegration of space and air segments in the terrestrial network
could help fulfill the complex and heterogeneous slices of 5G
while reducing considerably the service costs [5], [7]. The
main integration approach in the literature is traffic offloading
in SAGIN [9]–[14]. For instance, in [9], a sensor offloading
framework was developed to design the UAVs trajectories
while maximizing the collected data from different sensors
and considering the limited energy on-board of UAVs. In
[10], an offloading scheme, which schedules the offloaded
tasks of the edge users between the ground base stations and
the UAVs, was presented. The authors investigated the role
of UAVs to improve the average throughput and the spectral
efficiency during tasks offloading. In [11], the authors opti-
mized the ground base stations and UAVs locations in MEC.
An online offloading algorithm was developed to minimize
the energy consumed by the user equipment (UE) through
appropriate user association and resource allocation. In [12],
service provisioning to the Internet of things (IoT) devices
was facilitated by using a collaborative offloading scheme
between UAVs and edge servers in MEC. The offloading
scheme reduces the service delay experienced by IoT devices
and the energy consumed by UAVs. In [13], a traffic offload-
ing scheme in integrated satellite-terrestrial networks (ISTN)
was proposed to maximize the number of accommodated
users and their sum-rate under a dynamic backhaul capacity
constraint. The proposed scheme schedules the resources
available in both networks to optimize users’ association and
to increase the dynamic backhaul capacity. In [14], a SAGIN
architecture was studied where the air network nodes served
as flying edge servers in the air segment. However, the low
earth orbit (LEO) satellites in the space segment connected
the IoT devices with the cloud servers. The proposed ar-
chitecture helps the remote IoT applications to decide on
the typical offloading location, namely locally, at the air
segment, or at the space segment. Although huge efforts
were invested in the topic of traffic offloading in SAGIN,
few shortcomings can be spotlighted. Indeed, most of the
current research studies separately air platforms [9]–[12],
space platforms [13] and terrestrial platforms [15]. Moreover,
energy efficiency is the main focus point in the literature [11],
[12], [14], [16] and the UAV trajectory is usually predefined
in SAGIN [14]. However, the high traffic assignment and
the dynamic network condition and uncertainties in 5G were
widely neglected. Besides, 5G slices, namely eMBB and
URLLC, and their specific and heterogeneous requirements
in terms of delay and reliability were largely overlooked
during offloading. Indeed, offloading the optimal amount
of each traffic type while meeting its needs is challenging.
Specifically, scanty offloading results in high dropping ratio

for eMBB, whereas excessive offloading increases the load
of SAGIN segments and leads to supplementary delays for
URLLC. Hence, it is crucial to design wisely traffic offload-
ing in SAGIN and to assign adaptively and efficiently the
necessary communication resources.

To overcome the previously discussed limitations, we pro-
pose in this paper a traffic offloading approach in SAGIN,
which hinges on concrete cooperation between satellites,
UAVs, and terrestrial networks. Our offloading approach
steers smartly the traffic towards the suitable network seg-
ment through an efficient resource allocation and an op-
timized design of the UAVs’ trajectories. Specifically, the
URLLC traffic is offloaded to the UAV segment and to the
terrestrial segment to satisfy its stringent requirements in
terms of latency. However, the eMBB traffic is offloaded
to the UAV segment, to the terrestrial segment and to the
satellite segment because it is less sensitive to delay but needs
rather high data rates. The amount of the traffic offloaded
to the different segments of SAGIN is intelligently pro-
grammed. Additionally, the trajectory of the UAVs and the
resource allocation are wisely designed to improve the avail-
ability and reduce the latency in SAGIN. To the best of our
knowledge, our paper is the first to consider offloading differ-
ent traffic types and to answer their respective requirements
in SAGIN. We propose an action-refined deep reinforcement
learning (DRL) approach to adjust the offloading strategy
by dynamically observing the information of the system
environment. Specifically, we apply the deep deterministic
policy gradient (DDPG) algorithm, which embeds the actor-
critic method [17]. The main contributions of this paper can
be summarized as follows:

‚ We propose an innovative offloading approach in SA-
GIN that covers various aspects of the quality of service
(QoS) required by heterogeneous traffic types and im-
posed by the use cases of 5G. Specifically, our offload-
ing approach answers the challenging and co-existing
requirements imposed by eMBB slice and URLLC slice
respectively in terms of high data rates, high reliability
and low latency.

‚ We take advantage of the concrete cooperation between
SAGIN segments by smartly offloading the traffic to the
appropriate segments of the SAGIN system while opti-
mizing the resource allocation and efficiently designing
the trajectory of the UAVs. We formulate our sequential
offloading approach as a multi-objective optimization
problem and we solve this complex and dynamic prob-
lem by applying the action-refined DRL approach.

‚ Our findings highlight that the proposed offloading ap-
proach significantly enhances the network’s availability
and the experienced delay and underline the pivotal role
that space and air segments play to boost the QoS in
terrestrial networks.

The remainder of this paper is organized as follows: In
section II, we describe our system model. In Section II, the
problem of the UAVs trajectory design and traffic offloading
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Fig. 1: Heterogeneous traffic offloading in SAGIN

is formulated. In section IV, we present our DRL algorithm
to solve this problem. In section V, we evaluate our proposed
approach and we analyse the obtained results. Section VI
concludes the paper.

Notations: Lower case boldface letters denote vectors
while upper case boldface letters denote matrices. The trans-
pose of matrix A is denoted by AT . ∥¨∥ denotes the Eu-
clidean norm. Ep¨q denotes the expectation over the time
sequence.

II. SYSTEM MODEL

We consider a space-air-ground integrated network (SAGIN)
architecture that consists of a satellite, N UAV, W macro
base stations, and V micro base stations. The network ar-
chitecture is depicted in Fig.1. The satellite is characterized
by a link capacity per beam Csat and a visibility period ∆t.
During ∆t, the satellite is fixed. Let us decompose ∆t into
T time slots of duration δt such that ∆t “ T ˆ δt. The
UAVs are in motion during ∆t. The location set of the UAVs
is denoted as Lrts “ tℓ1rts, ¨ ¨ ¨ , ℓnrts, ¨ ¨ ¨ , ℓN rtsu, where
ℓnrts “ pxnrts, ynrts, znrtsqT represents the coordinates of
the n-th UAV. The UAV’s altitude zn is fixed. Each UAV
n is characterized by the data rate RUAV

v,n of its respective
link with the micro base station v. The macro base station
w P t1, ¨ ¨ ¨ ,W u serves vw micro base stations and each
micro base station v P t1, ¨ ¨ ¨ , Vwu serves Iv users. The
terrestrial backhaul between the micro base station and the
macro base station is characterized with a link capacity C ter

v .
The serving region of each micro base station is confined as
a small cell. The users Iv can generate two types of traffic;
namely eMBB and URLLC; which are sent to the micro
base stations v P t1, ¨ ¨ ¨ , Vwu. The generated traffic can be
offloaded by the micro base stations v P t1, ¨ ¨ ¨ , Vwu to the
macro base station w P t1, ¨ ¨ ¨ ,W u, to UAV n P t1, ¨ ¨ ¨ , Nu

and to the satellite based on the allocated link capacities in
the different segments of SAGIN. Therefore, we study the
traffic model and the allocated data-rates in the following
sub-sections:

A. TRAFFIC MODEL

In each small cell, a user Ui sends either eMBB traffic or
URLLC traffic to its associated micro base station. We define
Uerts “ tU e

1, ¨ ¨ ¨ , U e
i , ¨ ¨ ¨ , U e

Nertsuas the set of Nerts eMBB
users and Uurts “ tU u

1 , ¨ ¨ ¨ , U u
i , ¨ ¨ ¨ , U u

Nurtsu as the set of
Nurts URLLC users during time slot t. The users are ran-
domly positioned and their traffic is independent in each time
slot t. The total users set is defined as U rts “ Uurts

Ť

Uerts,
such that U rts “ tU1, ¨ ¨ ¨ , Ui, ¨ ¨ ¨ , UIvrtsu and Ivrts is the
total number of the users served by micro base station v.
In each time slot t P t1, ¨ ¨ ¨ , T u, the eMBB flows outgoing
from all eMBB users to micro base station v follow a Poisson
process with an arrival rate λe

vrts because eMBB traffic is
generated by applications that exchange large payloads over
an extended time interval [18]. Therefore, the inter-arrival
time can be modeled with an exponential distribution whose
events occur continuously and independently. However, the
URLLC flows outgoing from all URLLC users to micro base
station v follow a Pareto distribution with arrival rate λu

vrts
because URLLC traffic is generated by applications with
intermittent transmissions that exchange more or less impor-
tant payload during short periods of time [18]. Therefore,
it can be modeled with a power-law distribution namely a
Pareto distribution [18]–[22]. Flow sizes are independently
and identically distributed with mean 1

µe
for eMBB slice and

1
µu

for URLLC slice, such that 1
µe

and 1
µu

represent the flow
size for both traffic types, respectively.

The total load of URLLC traffic and eMBB traffic in
the v-th micro base station are denoted by Le

vrts and Lu
vrts

respectively and are assessed as [19], [20], [23]:

Lu
vrts “

Nurts
ÿ

i“1

fv
i rts log2

˜

1 `
P v
i rts gvi rts

N0 fv
i rts `

ř

v1‰v P
v1

i rts gv
1

i rts

¸

,

(1)
and

Le
vrts “

Nerts
ÿ

i“1

bvi rtslog2

˜

1 `
P v
i rts gvi rts

N0bvi rts `
ř

v1‰v P
v1

i rts gv
1

i rts

¸

,

(2)
where bvi rts denotes the frequency resources allocated to
eMBB user i by micro base station v in time slot t, fv

i rts
denotes the frequency resource allocated by micro base sta-
tion v to URLLC user i in time slot t, N0 is the noise
power density, P v

i rts is the downlink transmit power of micro
base station v, gvi rts is the channel gain between micro base
station v and user i in time slot t and is determined based
on the Rayleigh channel model and

ř

v1‰v P
v1

i rts gv
1

i rts is
the interference caused by the other micro base stations. In
our system, we assume that the macro base stations allocate
orthogonal channels to the micro base stations. Therefore,
the interference between the micro base stations is negligible
(

ř

v1‰v P
v1

i rts gv
1

i rts « 0). Therefore, the total load of
URLLC traffic and eMBB traffic in the vth micro base station
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Le
vrts and Lu

vrts can be simplified as follows:

Lu
vrts “

Nurts
ÿ

i“1

fv
i rts log2

ˆ

1 `
P v
i rts gvi rts

N0 fv
i rts

˙

, (3)

and

Le
vrts “

Nerts
ÿ

i“1

bvi rtslog2

ˆ

1 `
P v
i rts gvi rts

N0bvi rts

˙

. (4)

B. UAV DOWN-LINK DATA RATE
We consider the wireless communication between the hover-
ing UAV n and micro base station v. Both line-of-sight (LoS)
propagation and non-line-of-sight (N-LoS) propagation are
considered in the module of average path-loss. The LoS
probability is formulated as [24]:

pLoSv,n rts “
1

1 ` b1e
´b2

´

arctanp
hnpℓnrtsq

dv,npℓnrtsq
q´b1

¯ , (5)

where hn and dv,n denote the height of the n-th UAV and
the horizontal distance between the n-th UAV and the v-
th macro base station respectively; b1 and b2 are the S-
curve parameters determined by the chosen environment,
e.g. urban, sub-urban or dense urban. The signal propagated
from the UAV first goes through the free space and then
through the urban environment. Therefore, the signal path
loss mainly consists of two parts: the free space path-loss
(FSPL) PLFSPL and the excessive path-loss PLur. Based on
the models proposed in [24] and [25], the expression of the
total path-loss is given by:

PLv,nrts “PLFSPLrts ` PLurrts

“20 log

ˆ

4πfcdv,npℓnrtsq

c

˙

` pLoSv,n rtsξLoS`

p1 ´ pLoSv,n rtsqξNLoS,
(6)

where ξLoS and ξNLoS represent respectively the additional
path-loss corresponding to the LoS and N-LoS transmission,
c is the speed of the light and fc is the carrier frequency.

The channel gain of the links between the n-th UAV and
the v-th micro base station is given by [24]:

gUAV
v,n rts “ 10´PLv,nrts{10. (7)

Accordingly, the signal-to-interference-plus-noise ratio
(SINR) of the link between the n-th UAV and the v-th micro
base station is given by:

Γv,nrts “
Pv,nrtsgUAV

v,n rts

N0bUAV
v,n rts ` Iv,nrts

, (8)

where Pv,nrts is the power consumed due to the signal
transmission between the UAV n and the micro base station
v; bUAV

v,n rts represents the bandwidth allocated by UAV n for
the vth micro base station at time slot t and Iv, n is the total
interference experienced by micro base station v given by:

Iv,nrts “
ÿ

n1‰n

Pv,n1 rtsgUAV
v,n1 rts `

ÿ

v1‰v

Pv1,nrtsgUAV
v1,nrts. (9)

To provide efficient services and avoid overlap, the UAVs
are usually placed far enough from each other such
that their mutual interference can be overlooked (i.e.
ř

n1‰n Pv,n1 rtsgUAV
v,n1 rts « 0). Furthermore, we assume that

the UAVs assign orthogonal channels to the micro base
stations and the co-channel interference becomes negligible
(i.e.

ř

v1‰v Pv1nrtsgUAV
v1n rts « 0) since the existing techniques

such as cell planning, frequency reuse, and beam-forming
are capable of significantly mitigating the interference [26].
We note also that the macro base station, the UAVs and the
satellite operate in different frequency bands. Therefore, their
mutual interference can be neglected, and we consider the
signal-to-noise ratio (SNR) in SAGIN.

To satisfy the dynamic QoS requirements and to achieve
an energy-efficient communication, the serving process by
the UAV should be well designed. Specifically, the commu-
nication with the micro base station is set up only if the SNR
of the link between the n-th UAV and the v-th micro base
station is higher than the predefined SNR threshold Γth for a
given QoS, such that Γv,n ě Γth.

According to Shannon capacity bound and after neglecting
the interference effects, the instant data rate served by the n-
th UAV is given by:

RUAV
v,n rts “ bUAV

v,n rts log2 p1 ` Γv,nrtsq

“ bUAV
v,n rts log2

ˆ

1 `
Pv,nrtsgUAV

v,n rts

N0bUAV
v,n rts

˙

.
(10)

C. SATELLITE DOWN-LINK DATA RATE
The achievable data rate Rsat

v rts between the vth micro base
station and the satellite at time slot t is expressed as [13],
[23]:

Rsat
v rts “ bsat

v rts log2p1 `
P sat
v rtsgsat

v rts

N sat
0 bsat

v rts
q, (11)

where bsat
v rts and P sat

v rts are the bandwidth and power allo-
cated by the satellite to the v-th micro base station at time
slot t; gsat

v rts is the channel gain between the satellite and the
v-th micro base station at time slot t that mainly depends on
the path loss due to the transmission distance in satellite links
such that gsat

v rts8 1
dη
v,srts

where dv,srts is the distance between
the satellite and the v-th micro base station and η is the path-
loss exponent [27]. We should note that Rsat

v ď Csat, where
Csat is a metric fixed by the satellite manufacturer.

III. OFFLOADING STRATEGY IN SAGIN
Our goal is to design an offloading strategy in SAGIN that
jointly schedules the UAVs trajectory and allocates efficiently
the resources in order to improve the network availability and
to minimize the latency experienced by the URLLC traffic.
According to our offloading strategy, URLLC traffic is of-
floaded to the UAV link and to the terrestrial link to satisfy its
stringent requirements in terms of latency. However, eMBB
traffic is offloaded to the UAV link, to the terrestrial link and
to the satellite link because it is less sensitive to delay but
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needs high data rates. We note that the traffic generated by the
users and sent to the micro base stations v P t1, ¨ ¨ ¨ , Vwu as
expressed in (3) and (4) is offloaded to the different segments
of SAGIN based on the terrestrial link capacity C ter

v and the
available data rates developed in (10) and (11). In this section,
we define and formulate our offloading problem to meet the
aforementioned requirements and constraints.

A. OFFLOADED TRAFFIC IN SAGIN
We define αvrts “

`

αter
v rts, pαUAV

v rtsqT , αsat
v rts

˘T
as the

offloading vector of eMBB traffic from the v-th micro base
station at time slot t, where αter

v rts, αUAV
v rts, and αsat

v rts corre-
spond to the offloading proportions of the eMBB traffic to the
terrestrial network, the UAVs, and the satellite respectively.

Similarly, we define βvrts “

´

βter
v rts, pβUAV

v rtsqT
¯T

as the
offloading vector of URLLC traffic from the v-th micro base
station at time slot t, where βter

v rts and βUAV
v rts correspond

to the offloaded proportions of the URLLC traffic to the
terrestrial network and to the UAVs, respectively. Specif-

ically, αUAV
v rts “

´

αUAV
v,1 rts, ¨ ¨ ¨ , αUAV

v,n rts, ¨ ¨ ¨ , αUAV
v,N rts

¯T

and βUAV
v rts “

´

βUAV
v,1 rts, ¨ ¨ ¨ , βUAV

v,n rts, ¨ ¨ ¨ , βUAV
v,N rts

¯T

,
such that αUAV

v,n rts and βUAV
v,n rts represent the proportions of

the eMBB traffic and the URLLC traffic offloaded by the v-
th micro base station to the n-th UAV, respectively. Accord-
ingly, the traffic that can be offloaded by micro base station v
to the satellite can be expressed as:

Lsat
v rts “ min

!

αsat
v rtsLe

vrts, Rsat
v rts

)

, (12)

The traffic that can be offloaded by micro base station v to
UAV n can be expressed as:

LUAV
v,n rts “ aUAV

v,n rtsmin
!

pαUAV
v,n rtsLe

vrts`

βUAV
v,n rtsLu

vrtsq, RUAV
v,n rts

)

,
(13)

where aUAV
v,n rts is a binary variable that controls the establish-

ment of the link with UAV n and is defined as:

aUAV
v,n rts “

"

1, if Γv,nrts ě Γth ,
0, otherwise. (14)

The traffic that can be offloaded by micro base station v to
the macro base station can be expressed as:

Lter
v rts “ min

!

pαter
v rtsLe

vrts ` βter
v rtsLu

vrtsq, C ter
v

)

, (15)

In a nutshell, the total traffic offloaded by micro base
station v at time slot t is given by:

f load
v rts “ Lsat

v rts `

N
ÿ

n“1

LUAV
v,n rts ` Lter

v rts. (16)

B. DROPPED TRAFFIC IN SAGIN
If the traffic supposed to be offloaded to the network exceeds
the channel capacity, the eMBB flows are preferentially
dropped to satisfy the reliability requirement of the URLLC
traffic because URLLC has a stringent requirement in terms

of reliability contrarily to eMBB. In this regard, the dropped
traffic per micro base station v at time slot t in SAGIN is
calculated as:

f drop
v rts “ λe

vrts ` λu
vrts ´ f load

v rts, (17)

We note that f drop
v rts ě 0 since the offloaded traffic is always

less than the incoming traffic.

C. URLLC DELAY IN SAGIN
In this section, we study the mean delay f delay

v experienced
by the URLLC packets offloaded by micro base station v in
time slot t over the terrestrial link and the UAV link [23],
[28], [29]. We assume that the scheduling discipline is first
come first serve (FCFS). For micro cell v, the waiting time
Dk of packet k, whether it is eMBB or URLLC, scheduled
after K packets during time slot t over link κ P tter,UAVu is
given by:

Dk
v,κrts “ rkv,κrts `

k´1
ÿ

j“k´K

Xj
v,κrts , (18)

where Xj
v,κ is the service time of the j-th packet that arrived

before the k-th packet, and rkv,κ is the residual service time.
Using Little’s formula, we obtain the average waiting time
D

κ

v of any packet k as:

D
κ

v rts “
rκv rts

1 ´ ρκv rts
,@ κ P tter,UAVu, (19)

where ρκv rts is the load of the micro cell v and is expressed in
both links as follows:

ρκv rts “

$

’

&

’

%

Lter
v rts
Cter over the terrestrial link (κ “ ter)

LUAV
v,nrts

RUAV
v,nrts over the UAV link (κ “ UAV)

(20)

and the first moment of the residual service time can be
developed as:

rκv rts “
ρκv rts

2

pXκ
v q2rts

Xκ
v rts

. (21)

In order to evaluate the mean service time Xκ
v , we approx-

imate our general distribution to an exponential distribution
with a mean service rate µe that depends on the eMBB packet
length. Therefore, the first moment of the residual service
time can be simplified, based on (21), as:

rκv rts “
ρκv rts

2

2
µ2

e
1
µe

“
ρκv rts

µe
. (22)

Accordingly, the mean delay experienced by URLLC packets
over both links namely UAV and terrestrial is given by:

f delay
v rts “

ř

κPtter,UAVu D
κ

v rts
řN

n“1 a
UAV
v,n rts ` 1

“

ř

κPtter,UAVu

ρκ
v rts

µep1´ρκ
v rtsq

řN
n“1 a

UAV
v,n rts ` 1

,

(23)
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D. PROBLEM FORMULATION
We aim to adjust the association between the micro base
stations with the satellite, the UAVs and the macro base
stations respectively by determining:

1) the offloaded eMBB and URLLC traffic vectors de-
noted by αvrts and βvrts, where v P t1, ¨ ¨ ¨ , V u,
t P t1, ¨ ¨ ¨ , T u.

2) the bandwidth resources allocated to the micro base
stations denoted by bvrts “ tbsat

v rts, bUAV
v,n rtsu, where

v P t1, ¨ ¨ ¨ , V u, n P t1, ¨ ¨ ¨ , Nu. We focus on the
allocation of the bandwidth particularly because the
frequency bands are limited resources.

3) the trajectory of UAVs denoted by Lrts.
The problem can be posed as follows:

min
πtαvrtsu,tβvrtsu,tbvrtsu,tLrtsu

!

Ep
ÿ

v

f drop
v rtsq,Ep

ÿ

v

f delay
v rtsq

)

s.t. C1 : Pr

ˆ

βter
v rtsLu

vrts ` βUAV
v rtsLu

vrts ă λu
vrts

˙

ď ϵ,

C2 : αter
v rts ` αUAV

v rts ` αsat
v rts ď 1,

C3 : βter
v rts ` βUAV

v rts ď 1,

C4 :

" vn
ÿ

v“1

bUAV
v,n rts,

V
ÿ

v“1

bsat
v rts

*

ď tbUAV
n , bsatu,

C5 : }ℓnrts ´ ℓnrt ` 1s} ď vmaxδt .
(24)

Problem (24) is formulated as a constrained multi-objective
optimization problem with constraints C1-C5. C1 guarantees
the reliable offloading of URLLC traffic, where ϵ is a small
positive constant (ϵ « 1) that keeps outage probability of
URLLC traffic below a negligible threshold. Meanwhile, C2
and C3 ensure that the offloaded eMBB and URLLC traffic
are respectively less than the total traffic. C4 guarantees that
the bandwidth allocated to the micro base stations do not
surpass the total available resources in the air network bUAV

n

and the satellite network bsat respectively. Finally, C5 ensures
that the next location of the UAV is within the maximum
moving range during δt where vmax is the maximum speed
of the UAVs.

We can simplify constraint C1 by using FD p.q, the cumu-
lative distribution function (CDF) of λu

vrts, as follows:

βter
v rtsLu

vrts ` βUAV
v rtsLu

vrts ě F´1
D p1 ´ ϵq . (25)

Since λu
v follows a Pareto distribution with parameters arts

and xmrts, we express (25) as:

`

βter
v rtsLu

vrts ` βUAV
v rtsLu

vrts
˘arts

ě
xmrts

arts

ϵ
, (26)

where arts is a constant that determines the distribution shape
and xmrts is the positive scale distribution parameter.

It is challenging to solve the optimization problem for-
mulated in (24) by using standard optimization tools, since
the instantaneous traffic types and amounts incoming to the
different base stations cannot be determined beforehand.

Moreover, the channel condition related to the resource al-
location is not foreseeable and cannot be easily predicted.
Therefore, we have recourse to DRL to learn the network and
its dynamics and to handle our multi-objective problem with
its various constraints imposed by SAGIN [8].

IV. DEEP REINFORCEMENT LEARNING FOR TRAFFIC
OFFLOADING IN SAGIN
In this section, we adopt a DRL-based method to solve
problem (24). Therefore, we define our Markov Decision
Process and we design our algorithm based on an constrained
DDPG approach.

A. MOTIVATIONS TO ADOPT DRL
Compared with the conventional analysis and the
optimization-based approaches, which usually assume a
static or perfectly characterized network model, the rein-
forcement learning (RL)-based-approach we proposed can
refine the offloading strategy by dynamically observing the
information from the system environment. We opted for
reinforcement learning because the complete model of the
environment’s evolution is unknown in wireless networks.
For instance, in the scope of this paper, the sequential load
of eMBB traffic and the URLLC traffic at each time slot, the
instantaneous channel path-loss, and the resource distribution
are unknown to the agent in advance.

Specifically, we use DRL because it can efficiently han-
dle the high-dimensions status in the network system we
proposed and circumvent the high-computation and storage
costs of the tabular-based RL. For tabular-based RL, we need
to store and traverse the whole table to update the Q-value.
The space complexity of the tabular-based RL algorithm is
OpS ¨ A ¨ Hq, and the time complexity of the proposed
schemes is OpK ¨ Hq [30], where S is the number of status
of the observation space S, A represents the number of the
status of the action space A, K is the number of training
episodes, and H is the number of steps in each episode. For
continue action space, the number of the status is infinite.
Therefore, the tabular-based RL algorithm can not converge.
On the other hand, for the DRL algorithm, we store only the
parameters of the neural networks. The space complexity is
Op

řF
f“1 nf q and the time complexity is Op

řF
f“1 nf ¨nf´1q

[31], where nf is the number of neural units in fully-
connected layer f , and F is the total layer of the network.
With the instantaneous observations as input, the well trained
deep neural network (DNN) model predicts the optimized
UAV steps and the efficient resource allocation. The actions
of the system considered in this paper are extracted from the
continuous action space, which can not be determined by the
conventional DRL. Therefore, we apply DDPG algorithm,
which is an advanced DRL algorithm that embeds the actor-
critic method and combines the value based-RL with the
policy based-RL [17]. The DDPG algorithm is extended from
the deterministic policy gradient (DPG) algorithm [32] and
takes advantage of experience replay and slow-learning target
networks from deep Q-network (DQN) [33].
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↵i, �i, Bi, vi,⇥i
<latexit sha1_base64="k8yUE6Cu+6rakjIrwtI0ZZ7CvRo=">AAACLXicbZDLSgMxFIbP1Ftbb6Mu3QSL4ELKjBtdFnXhskJv0BlKJk3b0MyFJFMow6x9DddufBURXFTEra9hpp2Fbf0h8Oc755Cc34s4k8qyZkZhY3Nre6dYKu/u7R8cmkfHLRnGgtAmCXkoOh6WlLOANhVTnHYiQbHvcdr2xndZvT2hQrIwaKhpRF0fDwM2YAQrjXrmvTOhRCUO5tEIp72EpZcoRx5Vy+Q2v01y2Bjpjsz3zIpVteZC68bOTaVWeuo/A0C9Z747/ZDEPg0U4VjKrm1Fyk2wUIxwmpadWNIIkzEe0q62AfapdJP5tik616SPBqHQJ1BoTv9OJNiXcup7utPHaiRXaxn8r9aN1eDGTVgQxYoGZPHQIOZIhSiLDvWZ0DHwqTaYCKb/isgIC0yUDrisQ7BXV143rauqbVXtR7tSs2ChIpzCGVyADddQgweoQxMIvMAbzODTeDU+jC/je9FaMPKZE1iS8fMLXrireA==</latexit><latexit sha1_base64="JzHzfdqBnyCSgKoUqc1vU0nVlBk=">AAACLXicbZDLSsNAFIYnXmu9RV26GSyCCymJG10WdeGyQm/QhDCZTpqhkwszJ4US+kJufBURXFTEra/hpM3Ctv4w8M93zmHm/H4quALLmhkbm1vbO7uVver+weHRsXly2lFJJilr00QksucTxQSPWRs4CNZLJSORL1jXHz0U9e6YScWTuAWTlLkRGcY84JSARp756IwZhdwhIg3J1Mv59BqXyGewTO7L27iErVB3FN4za1bdmguvG7s0NVSq6ZnvziChWcRioIIo1betFNycSOBUsGnVyRRLCR2RIetrG5OIKTefbzvFl5oMcJBIfWLAc/p3IieRUpPI150RgVCt1gr4X62fQXDn5jxOM2AxXTwUZAJDgovo8IBLHYOYaEOo5PqvmIZEEgo64KoOwV5ded10buq2Vbef7VrDKuOooHN0ga6QjW5RAz2hJmojil7QG5qhT+PV+DC+jO9F64ZRzpyhJRk/v+ceqaQ=</latexit>

↵i+1, �i+1, Bi+1, vi+1,⇥i+1
<latexit sha1_base64="hT2RPOfkmJKndRcv1DZg66ASfbQ=">AAACN3icbVDLSgMxFL1TX7W+Rl26CRZBUMrEjS6LblxJhb6gLTWTZjqhmQdJplCGLvwnF/ob7nTjQhG3/oHpg6KtBwLnnnMvN/e4seBKO86LlVlaXlldy67nNja3tnfs3b2qihJJWYVGIpJ1lygmeMgqmmvB6rFkJHAFq7m9q5Ff6zOpeBSW9SBmrYB0Q+5xSrSR2vZNs8+oTptExD4ZtlN+goenaCq6TM9rl7O6PzPKvumbVG077xScMdAiwVOSL27fP94BQKltPzc7EU0CFmoqiFIN7MS6lRKpORVsmGsmisWE9kiXNQwNScBUKx3fPURHRukgL5LmhRqN1d8TKQmUGgSu6QyI9tW8NxL/8xqJ9i5aKQ/jRLOQThZ5iUA6QqMQUYdLE4YYGEKo5OaviPpEEqpN1DkTAp4/eZFUzwrYKeBbnC86MEEWDuAQjgHDORThGkpQAQoP8Arv8GE9WW/Wp/U1ac1Y05l9+APr+weKp627</latexit><latexit sha1_base64="CopS8FWuXuK3tjFHEw/T53nmVts=">AAACN3icbVDLSgMxFM34rPU16tJNsAiCUiZudFl040oq9AWdYcikaSc0kxmSTKEM81du/A13unGhiFv/wLQdirYeCJx7zr3c3BMknCntOC/Wyura+sZmaau8vbO7t28fHLZUnEpCmyTmsewEWFHOBG1qpjntJJLiKOC0HQxvJ357RKVisWjocUK9CA8E6zOCtZF8+94dUaIzF/MkxLmfsXOUX8BCDKhe1G7m9WhuNELTN6t8u+JUnSngMkEFqYACdd9+dnsxSSMqNOFYqS5yEu1lWGpGOM3LbqpogskQD2jXUIEjqrxsencOT43Sg/1Ymic0nKq/JzIcKTWOAtMZYR2qRW8i/ud1U92/9jImklRTQWaL+imHOoaTEGGPSRMGHxuCiWTmr5CEWGKiTdRlEwJaPHmZtC6ryKmiB1SpOUUcJXAMTsAZQOAK1MAdqIMmIOARvIJ38GE9WW/Wp/U1a12xipkj8AfW9w/5LqvU</latexit>

↵i+1, �i+1, Bi+1, vi+1,⇥i+1
<latexit sha1_base64="hT2RPOfkmJKndRcv1DZg66ASfbQ=">AAACN3icbVDLSgMxFL1TX7W+Rl26CRZBUMrEjS6LblxJhb6gLTWTZjqhmQdJplCGLvwnF/ob7nTjQhG3/oHpg6KtBwLnnnMvN/e4seBKO86LlVlaXlldy67nNja3tnfs3b2qihJJWYVGIpJ1lygmeMgqmmvB6rFkJHAFq7m9q5Ff6zOpeBSW9SBmrYB0Q+5xSrSR2vZNs8+oTptExD4ZtlN+goenaCq6TM9rl7O6PzPKvumbVG077xScMdAiwVOSL27fP94BQKltPzc7EU0CFmoqiFIN7MS6lRKpORVsmGsmisWE9kiXNQwNScBUKx3fPURHRukgL5LmhRqN1d8TKQmUGgSu6QyI9tW8NxL/8xqJ9i5aKQ/jRLOQThZ5iUA6QqMQUYdLE4YYGEKo5OaviPpEEqpN1DkTAp4/eZFUzwrYKeBbnC86MEEWDuAQjgHDORThGkpQAQoP8Arv8GE9WW/Wp/U1ac1Y05l9+APr+weKp627</latexit><latexit sha1_base64="CopS8FWuXuK3tjFHEw/T53nmVts=">AAACN3icbVDLSgMxFM34rPU16tJNsAiCUiZudFl040oq9AWdYcikaSc0kxmSTKEM81du/A13unGhiFv/wLQdirYeCJx7zr3c3BMknCntOC/Wyura+sZmaau8vbO7t28fHLZUnEpCmyTmsewEWFHOBG1qpjntJJLiKOC0HQxvJ357RKVisWjocUK9CA8E6zOCtZF8+94dUaIzF/MkxLmfsXOUX8BCDKhe1G7m9WhuNELTN6t8u+JUnSngMkEFqYACdd9+dnsxSSMqNOFYqS5yEu1lWGpGOM3LbqpogskQD2jXUIEjqrxsencOT43Sg/1Ymic0nKq/JzIcKTWOAtMZYR2qRW8i/ud1U92/9jImklRTQWaL+imHOoaTEGGPSRMGHxuCiWTmr5CEWGKiTdRlEwJaPHmZtC6ryKmiB1SpOUUcJXAMTsAZQOAK1MAdqIMmIOARvIJ38GE9WW/Wp/U1a12xipkj8AfW9w/5LqvU</latexit>

li, L
e
i , L

u
i

<latexit sha1_base64="FR/Bdgc6Qwb94qvj3rQnLxJ+Sjc=">AAACF3icbVC7TsMwFL3hWcorwMhi0SIxoChhgbESCwNDkehDakvkuE5r1XnIdipVUf6BgYVfYWEAIVbY+BUm3KQDtBzJ0rnn3Kvrc72YM6ls+8tYWl5ZXVsvbZQ3t7Z3ds29/aaMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaPLqd8aUyFZFN6qSUx7AR6EzGcEKy25plXtjilRKc/clGWnqKiu8+qOztVJ1TUrtmXnQIvEmZFKzfy+B426a352+xFJAhoqwrGUHceOVS/FQjHCaVbuJpLGmIzwgHY0DXFAZS/Nc2XoWCt95EdCv1ChXP09keJAykng6c4Aq6Gc96bif14nUf5FL2VhnCgakmKRn3CkIjQ9EuozoWPziSaYCKb/isgQC0yUPmVZH8GZj7xImmeWY1vOjVOp2VCgBIdwBCfgwDnU4Arq0AACD/AEL/BqPBrPxpvxXrQuGbOZA/gD4+MHNVSiCA==</latexit><latexit sha1_base64="sVw33Fs7SnCX1DARWXihQtSrqoA=">AAACF3icbVC7TsMwFL3hWcorwMhi0SIxoChhgbESCwNDkehDakPkuE5r1XnIdipVUf6ChV9hYQAhVtj4G9w0A7RcydK559yr63P8hDOpbPvbWFldW9/YrGxVt3d29/bNg8O2jFNBaIvEPBZdH0vKWURbiilOu4mgOPQ57fjj65nemVAhWRzdq2lC3RAPIxYwgpWmPNOq9yeUqIznXsbyczTvbovugS70ad0za7ZlF4WWgVOCGpTV9Myv/iAmaUgjRTiWsufYiXIzLBQjnObVfippgskYD2lPwwiHVLpZ4StHp5oZoCAW+kUKFezvjQyHUk5DX0+GWI3kojYj/9N6qQqu3IxFSapoROaHgpQjFaNZSGjAhLbNpxpgIpj+KyIjLDBROsqqDsFZtLwM2heWY1vOnVNr2GUcFTiGEzgDBy6hATfQhBYQeIRneIU348l4Md6Nj/noilHuHMGfMj5/ALSDoC4=</latexit>

li, L
e
i , L

u
i

<latexit sha1_base64="FR/Bdgc6Qwb94qvj3rQnLxJ+Sjc=">AAACF3icbVC7TsMwFL3hWcorwMhi0SIxoChhgbESCwNDkehDakvkuE5r1XnIdipVUf6BgYVfYWEAIVbY+BUm3KQDtBzJ0rnn3Kvrc72YM6ls+8tYWl5ZXVsvbZQ3t7Z3ds29/aaMEkFog0Q8Em0PS8pZSBuKKU7bsaA48DhteaPLqd8aUyFZFN6qSUx7AR6EzGcEKy25plXtjilRKc/clGWnqKiu8+qOztVJ1TUrtmXnQIvEmZFKzfy+B426a352+xFJAhoqwrGUHceOVS/FQjHCaVbuJpLGmIzwgHY0DXFAZS/Nc2XoWCt95EdCv1ChXP09keJAykng6c4Aq6Gc96bif14nUf5FL2VhnCgakmKRn3CkIjQ9EuozoWPziSaYCKb/isgQC0yUPmVZH8GZj7xImmeWY1vOjVOp2VCgBIdwBCfgwDnU4Arq0AACD/AEL/BqPBrPxpvxXrQuGbOZA/gD4+MHNVSiCA==</latexit><latexit sha1_base64="sVw33Fs7SnCX1DARWXihQtSrqoA=">AAACF3icbVC7TsMwFL3hWcorwMhi0SIxoChhgbESCwNDkehDakPkuE5r1XnIdipVUf6ChV9hYQAhVtj4G9w0A7RcydK559yr63P8hDOpbPvbWFldW9/YrGxVt3d29/bNg8O2jFNBaIvEPBZdH0vKWURbiilOu4mgOPQ57fjj65nemVAhWRzdq2lC3RAPIxYwgpWmPNOq9yeUqIznXsbyczTvbovugS70ad0za7ZlF4WWgVOCGpTV9Myv/iAmaUgjRTiWsufYiXIzLBQjnObVfippgskYD2lPwwiHVLpZ4StHp5oZoCAW+kUKFezvjQyHUk5DX0+GWI3kojYj/9N6qQqu3IxFSapoROaHgpQjFaNZSGjAhLbNpxpgIpj+KyIjLDBROsqqDsFZtLwM2heWY1vOnVNr2GUcFTiGEzgDBy6hATfQhBYQeIRneIU348l4Md6Nj/noilHuHMGfMj5/ALSDoC4=</latexit>

li+1, L
e
i+1, L

u
i+1

<latexit sha1_base64="17/V8w+ynWLI/Gq6yZ+/XEgEecY=">AAACHXicbVDLSgMxFL1TX7W+RgU3boKtIChlRgRdFty4EKxgH9COQyZN29DMgyRTKMP8iBt/xY0LRVy4Eb/A3zDtdKGtBwLnnnMvN/d4EWdSWdaXkVtYXFpeya8W1tY3NrfM7Z26DGNBaI2EPBRND0vKWUBriilOm5Gg2Pc4bXiDy7HfGFIhWRjcqVFEHR/3AtZlBCstueZZqT2kRCU8dRN2bKcnKKuvp/U9nVPikmsWrbI1AZon9pQUK3s33wgAqq750e6EJPZpoAjHUrZsK1JOgoVihNO00I4ljTAZ4B5taRpgn0onmVyXokOtdFA3FPoFCk3U3xMJ9qUc+Z7u9LHqy1lvLP7ntWLVvXASFkSxogHJFnVjjlSIxlGhDhP6cD7SBBPB9F8R6WOBidKBFnQI9uzJ86R+Wratsn1rFysWZMjDPhzAEdhwDhW4girUgMADPMELvBqPxrPxZrxnrTljOrMLf2B8/gDPoqMq</latexit><latexit sha1_base64="0PfCyDpL10VzWeV6Em1WKyyaKf0=">AAACHXicbVDLSgMxFM34rPU16tJNsBUEpUxE0GXBjQsXFewD2nHIpHfa0MyDJFMoQ3/Ejb/ixoUiLtyIf2PazkJbDwTOPedebu7xE8GVdpxva2l5ZXVtvbBR3Nza3tm19/YbKk4lgzqLRSxbPlUgeAR1zbWAViKBhr6Apj+4nvjNIUjF4+hejxJwQ9qLeMAZ1Uby7ItyZwhMZ2LsZfyUjM/wrL7N6wdYUNKyZ5ecijMFXiQkJyWUo+bZn51uzNIQIs0EVapNnES7GZWaMwHjYidVkFA2oD1oGxrREJSbTa8b42OjdHEQS/Mijafq74mMhkqNQt90hlT31bw3Ef/z2qkOrtyMR0mqIWKzRUEqsI7xJCrc5dIcLkaGUCa5+StmfSop0ybQogmBzJ+8SBrnFeJUyB0pVZ08jgI6REfoBBF0iaroBtVQHTH0iJ7RK3qznqwX6936mLUuWfnMAfoD6+sHjZ2hfg==</latexit>

li+1, L
e
i+1, L

u
i+1

<latexit sha1_base64="17/V8w+ynWLI/Gq6yZ+/XEgEecY=">AAACHXicbVDLSgMxFL1TX7W+RgU3boKtIChlRgRdFty4EKxgH9COQyZN29DMgyRTKMP8iBt/xY0LRVy4Eb/A3zDtdKGtBwLnnnMvN/d4EWdSWdaXkVtYXFpeya8W1tY3NrfM7Z26DGNBaI2EPBRND0vKWUBriilOm5Gg2Pc4bXiDy7HfGFIhWRjcqVFEHR/3AtZlBCstueZZqT2kRCU8dRN2bKcnKKuvp/U9nVPikmsWrbI1AZon9pQUK3s33wgAqq750e6EJPZpoAjHUrZsK1JOgoVihNO00I4ljTAZ4B5taRpgn0onmVyXokOtdFA3FPoFCk3U3xMJ9qUc+Z7u9LHqy1lvLP7ntWLVvXASFkSxogHJFnVjjlSIxlGhDhP6cD7SBBPB9F8R6WOBidKBFnQI9uzJ86R+Wratsn1rFysWZMjDPhzAEdhwDhW4girUgMADPMELvBqPxrPxZrxnrTljOrMLf2B8/gDPoqMq</latexit><latexit sha1_base64="0PfCyDpL10VzWeV6Em1WKyyaKf0=">AAACHXicbVDLSgMxFM34rPU16tJNsBUEpUxE0GXBjQsXFewD2nHIpHfa0MyDJFMoQ3/Ejb/ixoUiLtyIf2PazkJbDwTOPedebu7xE8GVdpxva2l5ZXVtvbBR3Nza3tm19/YbKk4lgzqLRSxbPlUgeAR1zbWAViKBhr6Apj+4nvjNIUjF4+hejxJwQ9qLeMAZ1Uby7ItyZwhMZ2LsZfyUjM/wrL7N6wdYUNKyZ5ecijMFXiQkJyWUo+bZn51uzNIQIs0EVapNnES7GZWaMwHjYidVkFA2oD1oGxrREJSbTa8b42OjdHEQS/Mijafq74mMhkqNQt90hlT31bw3Ef/z2qkOrtyMR0mqIWKzRUEqsI7xJCrc5dIcLkaGUCa5+StmfSop0ybQogmBzJ+8SBrnFeJUyB0pVZ08jgI6REfoBBF0iaroBtVQHTH0iJ7RK3qznqwX6936mLUuWfnMAfoD6+sHjZ2hfg==</latexit>

li, L
e
i , L

u
i

<latexit sha1_base64="+ls2tY6kCTIK1xXVZc6ZnoNt4PY=">AAACFXicbVC7SgNBFL0bXzG+Vi1tBoNgEcKujZYBGwuLCOYBybrMTmaTIbMPZmYDYdl/EBt/xcZCEVvBzl+xcrKbQhMPDJx7zr3cOdeLOZPKsr6M0srq2vpGebOytb2zu2fuH7RllAhCWyTikeh6WFLOQtpSTHHajQXFgcdpxxtfzvzOhArJovBWTWPqBHgYMp8RrLTkmrX+hBKV8sxNWVZDRXWdV3d0oU5cs2rVrRxomdhzUm2Y3/eg0XTNz/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aZ4qQydaGSA/EvqFCuXq74kUB1JOA093BliN5KI3E//zeonyL5yUhXGiaEiKRX7CkYrQ7ERowIROzaeaYCKY/isiIywwUfqQFX0EezHyMmmf1W2rbt/Y1YYFBcpwBMdwCjacQwOuoAktIPAAT/ACr8aj8Wy8Ge9Fa8mYzxzCHxgfP2WZoaw=</latexit><latexit sha1_base64="/T0rH7CiYjhLYvhamN4G1rlpWmA=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwUUriRpcFNy5cVLAPaGuYTG/aoZNJmJkUSshPuPFX3LhQxK3gzr9xmmahrRcGzj3nXu6c48ecKe0431ZpbX1jc6u8XdnZ3ds/sA+P2ipKJIUWjXgkuz5RwJmAlmaaQzeWQEKfQ8efXM/1zhSkYpG417MYBiEZCRYwSrShPLvWnwLVKc+8lGU1vOhu8+4BlvrEs6tO3ckLrwK3AFVUVNOzv/rDiCYhCE05UarnOrEepERqRjlklX6iICZ0QkbQM1CQENQgzV1l+MwwQxxE0jyhcc7+3khJqNQs9M1kSPRYLWtz8j+tl+jgapAyEScaBF0cChKOdYTnEeEhk8Y1nxlAqGTmr5iOiSRUmyArJgR32fIqaF/UXafu3rnVhlPEUUYn6BSdIxddoga6QU3UQhQ9omf0it6sJ+vFerc+FqMlq9g5Rn/K+vwB5Mif0g==</latexit>

li, L
e
i , L

u
i

<latexit sha1_base64="+ls2tY6kCTIK1xXVZc6ZnoNt4PY=">AAACFXicbVC7SgNBFL0bXzG+Vi1tBoNgEcKujZYBGwuLCOYBybrMTmaTIbMPZmYDYdl/EBt/xcZCEVvBzl+xcrKbQhMPDJx7zr3cOdeLOZPKsr6M0srq2vpGebOytb2zu2fuH7RllAhCWyTikeh6WFLOQtpSTHHajQXFgcdpxxtfzvzOhArJovBWTWPqBHgYMp8RrLTkmrX+hBKV8sxNWVZDRXWdV3d0oU5cs2rVrRxomdhzUm2Y3/eg0XTNz/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aZ4qQydaGSA/EvqFCuXq74kUB1JOA093BliN5KI3E//zeonyL5yUhXGiaEiKRX7CkYrQ7ERowIROzaeaYCKY/isiIywwUfqQFX0EezHyMmmf1W2rbt/Y1YYFBcpwBMdwCjacQwOuoAktIPAAT/ACr8aj8Wy8Ge9Fa8mYzxzCHxgfP2WZoaw=</latexit><latexit sha1_base64="/T0rH7CiYjhLYvhamN4G1rlpWmA=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwUUriRpcFNy5cVLAPaGuYTG/aoZNJmJkUSshPuPFX3LhQxK3gzr9xmmahrRcGzj3nXu6c48ecKe0431ZpbX1jc6u8XdnZ3ds/sA+P2ipKJIUWjXgkuz5RwJmAlmaaQzeWQEKfQ8efXM/1zhSkYpG417MYBiEZCRYwSrShPLvWnwLVKc+8lGU1vOhu8+4BlvrEs6tO3ckLrwK3AFVUVNOzv/rDiCYhCE05UarnOrEepERqRjlklX6iICZ0QkbQM1CQENQgzV1l+MwwQxxE0jyhcc7+3khJqNQs9M1kSPRYLWtz8j+tl+jgapAyEScaBF0cChKOdYTnEeEhk8Y1nxlAqGTmr5iOiSRUmyArJgR32fIqaF/UXafu3rnVhlPEUUYn6BSdIxddoga6QU3UQhQ9omf0it6sJ+vFerc+FqMlq9g5Rn/K+vwB5Mif0g==</latexit>

li+1, L
e
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u
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<latexit sha1_base64="5jO+eWS9Y1WEmP2SHl+/ss3HjTI=">AAACG3icbVDLSsNAFL2pr1pfUcGNm8EiCEpJutFlwY0LwQr2AW0Mk+mkHTp5MDMplJD/cOOvuHGhiCvBhV/gbzhtutDWAwPnnnMvd+7xYs6ksqwvo7C0vLK6VlwvbWxube+Yu3tNGSWC0AaJeCTaHpaUs5A2FFOctmNBceBx2vKGlxO/NaJCsii8U+OYOgHuh8xnBCstuWa1O6JEpTxzU3ZqZ2cor69n9T1dUBLXLFsVawq0SOwZKdcObr4RANRd86Pbi0gS0FARjqXs2FasnBQLxQinWambSBpjMsR92tE0xAGVTjq9LUPHWukhPxL6hQpN1d8TKQ6kHAee7gywGsh5byL+53US5V84KQvjRNGQ5Iv8hCMVoUlQqMeEvpuPNcFEMP1XRAZYYKJ0nCUdgj1/8iJpViu2VbFv7XLNghxFOIQjOAEbzqEGV1CHBhB4gCd4gVfj0Xg23oz3vLVgzGb24Q+Mzx/946LO</latexit><latexit sha1_base64="pMKcS7sw5fARmdON1jrkxWPUtl0=">AAACG3icbVDLSsNAFL3xWesr6tLNYBEEpSTd6LLgxoWLCvYBbQyT6aQdOpmEmUmhhPyHG3/FjQtFXAku/BunbRbaemDg3HPu5c49QcKZ0o7zba2srq1vbJa2yts7u3v79sFhS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Hrqt8dUKhaLez1JqBfhgWAhI1gbybdrvTElOuO5n7FzN79A8/q2qB/okpL6dsWpOjOgZeIWpAIFGr792evHJI2o0IRjpbquk2gvw1Izwmle7qWKJpiM8IB2DRU4osrLZrfl6NQofRTG0jyh0Uz9PZHhSKlJFJjOCOuhWvSm4n9eN9XhlZcxkaSaCjJfFKYc6RhNg0J9Js3dfGIIJpKZvyIyxBITbeIsmxDcxZOXSatWdZ2qe+dW6k4RRwmO4QTOwIVLqMMNNKAJBB7hGV7hzXqyXqx362PeumIVM0fwB9bXD7veoSI=</latexit>

li+1, L
e
i+1, L

u
i+1

<latexit sha1_base64="5jO+eWS9Y1WEmP2SHl+/ss3HjTI=">AAACG3icbVDLSsNAFL2pr1pfUcGNm8EiCEpJutFlwY0LwQr2AW0Mk+mkHTp5MDMplJD/cOOvuHGhiCvBhV/gbzhtutDWAwPnnnMvd+7xYs6ksqwvo7C0vLK6VlwvbWxube+Yu3tNGSWC0AaJeCTaHpaUs5A2FFOctmNBceBx2vKGlxO/NaJCsii8U+OYOgHuh8xnBCstuWa1O6JEpTxzU3ZqZ2cor69n9T1dUBLXLFsVawq0SOwZKdcObr4RANRd86Pbi0gS0FARjqXs2FasnBQLxQinWambSBpjMsR92tE0xAGVTjq9LUPHWukhPxL6hQpN1d8TKQ6kHAee7gywGsh5byL+53US5V84KQvjRNGQ5Iv8hCMVoUlQqMeEvpuPNcFEMP1XRAZYYKJ0nCUdgj1/8iJpViu2VbFv7XLNghxFOIQjOAEbzqEGV1CHBhB4gCd4gVfj0Xg23oz3vLVgzGb24Q+Mzx/946LO</latexit><latexit sha1_base64="pMKcS7sw5fARmdON1jrkxWPUtl0=">AAACG3icbVDLSsNAFL3xWesr6tLNYBEEpSTd6LLgxoWLCvYBbQyT6aQdOpmEmUmhhPyHG3/FjQtFXAku/BunbRbaemDg3HPu5c49QcKZ0o7zba2srq1vbJa2yts7u3v79sFhS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Hrqt8dUKhaLez1JqBfhgWAhI1gbybdrvTElOuO5n7FzN79A8/q2qB/okpL6dsWpOjOgZeIWpAIFGr792evHJI2o0IRjpbquk2gvw1Izwmle7qWKJpiM8IB2DRU4osrLZrfl6NQofRTG0jyh0Uz9PZHhSKlJFJjOCOuhWvSm4n9eN9XhlZcxkaSaCjJfFKYc6RhNg0J9Js3dfGIIJpKZvyIyxBITbeIsmxDcxZOXSatWdZ2qe+dW6k4RRwmO4QTOwIVLqMMNNKAJBB7hGV7hzXqyXqx362PeumIVM0fwB9bXD7veoSI=</latexit> µ0(si+1|✓µ0
)

<latexit sha1_base64="udEYkYAaX1gcQAR9rcoK2p/lkHI=">AAACBHicbVDLSgNBEOz1GeNr1WMui0GMCGHXix4DXjwmYB6QjWF2MpsMmX0w0yuENQcv/ooXD4p4Fb/Bm3/hJzib5KCJBQ1FVTfdXV4suELb/jKWlldW19ZzG/nNre2dXXNvv6GiRFJWp5GIZMsjigkesjpyFKwVS0YCT7CmN7zM/OYtk4pH4TWOYtYJSD/kPqcEtdQ1C26QHJdUN+WnzvjOxQFDcpNm4vikaxbtsj2BtUicGSlWzNr3BwBUu+an24toErAQqSBKtR07xk5KJHIq2DjvJorFhA5Jn7U1DUnAVCedPDG2jrTSs/xI6grRmqi/J1ISKDUKPN0ZEByoeS8T//PaCfoXnZSHcYIspNNFfiIsjKwsEavHJaMoRpoQKrm+1aIDIglFnVteh+DMv7xIGmdlxy47NadYsWGKHBTgEErgwDlU4AqqUAcK9/AIz/BiPBhPxqvxNm1dMmYzB/AHxvsPEo+Z4w==</latexit><latexit sha1_base64="CZgBnDI5tr/AOVjMrA/qi8WOf1U=">AAACBHicbVBNS8NAEN3Ur1q/oh57CRaxIpTEix4LXjxWsB/QxLDZbtqlm03YnQgl5uDFv+LFgyJe/RHe/Ddu2h609cHA470ZZuYFCWcKbPvbKK2srq1vlDcrW9s7u3vm/kFHxakktE1iHstegBXlTNA2MOC0l0iKo4DTbjC+KvzuPZWKxeIWJgn1IjwULGQEg5Z8s+pG6Uld+Rk7c/IHF0YU8F1WiPmpb9bshj2FtUycOamhOVq++eUOYpJGVADhWKm+YyfgZVgCI5zmFTdVNMFkjIe0r6nAEVVeNn0it461MrDCWOoSYE3V3xMZjpSaRIHujDCM1KJXiP95/RTCSy9jIkmBCjJbFKbcgtgqErEGTFICfKIJJpLpWy0ywhIT0LlVdAjO4svLpHPecOyGc+PUmvY8jjKqoiNURw66QE10jVqojQh6RM/oFb0ZT8aL8W58zFpLxnzmEP2B8fkD8rmXkg==</latexit>

µ0(si+1|✓µ0
)

<latexit sha1_base64="udEYkYAaX1gcQAR9rcoK2p/lkHI=">AAACBHicbVDLSgNBEOz1GeNr1WMui0GMCGHXix4DXjwmYB6QjWF2MpsMmX0w0yuENQcv/ooXD4p4Fb/Bm3/hJzib5KCJBQ1FVTfdXV4suELb/jKWlldW19ZzG/nNre2dXXNvv6GiRFJWp5GIZMsjigkesjpyFKwVS0YCT7CmN7zM/OYtk4pH4TWOYtYJSD/kPqcEtdQ1C26QHJdUN+WnzvjOxQFDcpNm4vikaxbtsj2BtUicGSlWzNr3BwBUu+an24toErAQqSBKtR07xk5KJHIq2DjvJorFhA5Jn7U1DUnAVCedPDG2jrTSs/xI6grRmqi/J1ISKDUKPN0ZEByoeS8T//PaCfoXnZSHcYIspNNFfiIsjKwsEavHJaMoRpoQKrm+1aIDIglFnVteh+DMv7xIGmdlxy47NadYsWGKHBTgEErgwDlU4AqqUAcK9/AIz/BiPBhPxqvxNm1dMmYzB/AHxvsPEo+Z4w==</latexit><latexit sha1_base64="CZgBnDI5tr/AOVjMrA/qi8WOf1U=">AAACBHicbVBNS8NAEN3Ur1q/oh57CRaxIpTEix4LXjxWsB/QxLDZbtqlm03YnQgl5uDFv+LFgyJe/RHe/Ddu2h609cHA470ZZuYFCWcKbPvbKK2srq1vlDcrW9s7u3vm/kFHxakktE1iHstegBXlTNA2MOC0l0iKo4DTbjC+KvzuPZWKxeIWJgn1IjwULGQEg5Z8s+pG6Uld+Rk7c/IHF0YU8F1WiPmpb9bshj2FtUycOamhOVq++eUOYpJGVADhWKm+YyfgZVgCI5zmFTdVNMFkjIe0r6nAEVVeNn0it461MrDCWOoSYE3V3xMZjpSaRIHujDCM1KJXiP95/RTCSy9jIkmBCjJbFKbcgtgqErEGTFICfKIJJpLpWy0ywhIT0LlVdAjO4svLpHPecOyGc+PUmvY8jjKqoiNURw66QE10jVqojQh6RM/oFb0ZT8aL8W58zFpLxnzmEP2B8fkD8rmXkg==</latexit>

µ(si|✓µ)
<latexit sha1_base64="gFQzH613eK2B/+Bgq4yrKslYT8g=">AAAB/HicbVC5TsNAEB2HK4TLkJLGIkIKTWTTQBmJhjKRyCHFxlpvNskq60O7YyTLhF+hoQAhWmq+gY6/4BPYHAUkPGmkt+/NaGdekAiu0La/jMLa+sbmVnG7tLO7t39gHh61VZxKylo0FrHsBkQxwSPWQo6CdRPJSBgI1gnGV1O/c8ek4nF0g1nCvJAMIz7glKCWfLPshmlV+fzexRFDcqufZ75ZsWv2DNYqcRakUjeb3x8A0PDNT7cf0zRkEVJBlOo5doJeTiRyKtik5KaKJYSOyZD1NI1IyJSXz5afWKda6VuDWOqK0JqpvydyEiqVhYHuDAmO1LI3Ff/zeikOLr2cR0mKLKLzjwapsDC2pklYfS4ZRZFpQqjkeleLjogkFHVeJR2Cs3zyKmmf1xy75jSdSt2GOYpwDCdQBQcuoA7X0IAWUMjgEZ7hxXgwnoxX423eWjAWM2X4A+P9B7o0lvk=</latexit><latexit sha1_base64="i4h6FTW+d4tymP2GVR9gjfwcklc=">AAAB/HicbVC7TsMwFHV4lvIKdGSJqJDKUiUsMFZiYSwSfUhNiBzXaa3aTmTfIEWh/AoLAwix8iFs/A1umwFajnSl43Pule89UcqZBtf9ttbWNza3tis71d29/YND++i4q5NMEdohCU9UP8KaciZpBxhw2k8VxSLitBdNrmd+74EqzRJ5B3lKA4FHksWMYDBSaNd8kTV0yB59GFPA9+Z5Htp1t+nO4awSryR1VKId2l/+MCGZoBIIx1oPPDeFoMAKGOF0WvUzTVNMJnhEB4ZKLKgOivnyU+fMKEMnTpQpCc5c/T1RYKF1LiLTKTCM9bI3E//zBhnEV0HBZJoBlWTxUZxxBxJnloQzZIoS4LkhmChmdnXIGCtMwORVNSF4yyevku5F03Ob3q1Xb7llHBV0gk5RA3noErXQDWqjDiIoR8/oFb1ZT9aL9W59LFrXrHKmhv7A+vwBmm2UqA==</latexit>

µ(si|✓µ)
<latexit sha1_base64="gFQzH613eK2B/+Bgq4yrKslYT8g=">AAAB/HicbVC5TsNAEB2HK4TLkJLGIkIKTWTTQBmJhjKRyCHFxlpvNskq60O7YyTLhF+hoQAhWmq+gY6/4BPYHAUkPGmkt+/NaGdekAiu0La/jMLa+sbmVnG7tLO7t39gHh61VZxKylo0FrHsBkQxwSPWQo6CdRPJSBgI1gnGV1O/c8ek4nF0g1nCvJAMIz7glKCWfLPshmlV+fzexRFDcqufZ75ZsWv2DNYqcRakUjeb3x8A0PDNT7cf0zRkEVJBlOo5doJeTiRyKtik5KaKJYSOyZD1NI1IyJSXz5afWKda6VuDWOqK0JqpvydyEiqVhYHuDAmO1LI3Ff/zeikOLr2cR0mKLKLzjwapsDC2pklYfS4ZRZFpQqjkeleLjogkFHVeJR2Cs3zyKmmf1xy75jSdSt2GOYpwDCdQBQcuoA7X0IAWUMjgEZ7hxXgwnoxX423eWjAWM2X4A+P9B7o0lvk=</latexit><latexit sha1_base64="i4h6FTW+d4tymP2GVR9gjfwcklc=">AAAB/HicbVC7TsMwFHV4lvIKdGSJqJDKUiUsMFZiYSwSfUhNiBzXaa3aTmTfIEWh/AoLAwix8iFs/A1umwFajnSl43Pule89UcqZBtf9ttbWNza3tis71d29/YND++i4q5NMEdohCU9UP8KaciZpBxhw2k8VxSLitBdNrmd+74EqzRJ5B3lKA4FHksWMYDBSaNd8kTV0yB59GFPA9+Z5Htp1t+nO4awSryR1VKId2l/+MCGZoBIIx1oPPDeFoMAKGOF0WvUzTVNMJnhEB4ZKLKgOivnyU+fMKEMnTpQpCc5c/T1RYKF1LiLTKTCM9bI3E//zBhnEV0HBZJoBlWTxUZxxBxJnloQzZIoS4LkhmChmdnXIGCtMwORVNSF4yyevku5F03Ob3q1Xb7llHBV0gk5RA3noErXQDWqjDiIoR8/oFb1ZT9aL9W59LFrXrHKmhv7A+vwBmm2UqA==</latexit>

ai+1 = µ0(si+1|✓µ0
)

<latexit sha1_base64="WAXFKOlBzRxAW6l95AVyc2sQKaw=">AAACDHicbVC7SgNBFL3rM8bXqqXNYhAjQti10UYI2FgmYB6QxDA7mU2GzD6YuSuENR9g46/YWCgiWPkBdv6Fn+BsNoUmHhg4c865zNzjRoIrtO0vY2FxaXllNbeWX9/Y3No2d3brKowlZTUailA2XaKY4AGrIUfBmpFkxHcFa7jDy9Rv3DKpeBhc4yhiHZ/0A+5xSlBLXbNAugk/ccYXbT8+KqrsctfGAUNyk6Ti+Fin7JI9gTVPnCkplM3q9zsAVLrmZ7sX0thnAVJBlGo5doSdhEjkVLBxvh0rFhE6JH3W0jQgPlOdZLLM2DrUSs/yQqlPgNZE/T2REF+pke/qpE9woGa9VPzPa8XonXcSHkQxsoBmD3mxsDC00masHpeMohhpQqjk+q8WHRBJKOr+8roEZ3bleVI/LTl2yak6hbINGXKwDwdQBAfOoAxXUIEaULiHR3iGF+PBeDJejbcsumBMZ/bgD4yPH7KcnO0=</latexit><latexit sha1_base64="Pp5DjJORzMa7sqJsWcUqTYUWERA=">AAACDHicbVDLSgMxFM3UV62vqks3g0WsCGXGjW6EghuXFewDOmPJpJk2NMkMyR2hjPMBbvwVNy4UcesHuPNvzLRdaOuBwMk555LcE8ScaXCcb6uwtLyyulZcL21sbm3vlHf3WjpKFKFNEvFIdQKsKWeSNoEBp51YUSwCTtvB6Cr32/dUaRbJWxjH1Bd4IFnICAYj9coV3EvZqZtdeiI5rurp5cGDIQV8l+ZidmJSTs2ZwF4k7oxU0AyNXvnL60ckEVQC4VjrruvE4KdYASOcZiUv0TTGZIQHtGuoxIJqP50sk9lHRunbYaTMkWBP1N8TKRZaj0VgkgLDUM97ufif100gvPBTJuMEqCTTh8KE2xDZeTN2nylKgI8NwUQx81ebDLHCBEx/JVOCO7/yImmd1Vyn5t64lbozq6OIDtAhqiIXnaM6ukYN1EQEPaJn9IrerCfrxXq3PqbRgjWb2Ud/YH3+AJLVmpw=</latexit>

ai+1 = µ0(si+1|✓µ0
)

<latexit sha1_base64="WAXFKOlBzRxAW6l95AVyc2sQKaw=">AAACDHicbVC7SgNBFL3rM8bXqqXNYhAjQti10UYI2FgmYB6QxDA7mU2GzD6YuSuENR9g46/YWCgiWPkBdv6Fn+BsNoUmHhg4c865zNzjRoIrtO0vY2FxaXllNbeWX9/Y3No2d3brKowlZTUailA2XaKY4AGrIUfBmpFkxHcFa7jDy9Rv3DKpeBhc4yhiHZ/0A+5xSlBLXbNAugk/ccYXbT8+KqrsctfGAUNyk6Ti+Fin7JI9gTVPnCkplM3q9zsAVLrmZ7sX0thnAVJBlGo5doSdhEjkVLBxvh0rFhE6JH3W0jQgPlOdZLLM2DrUSs/yQqlPgNZE/T2REF+pke/qpE9woGa9VPzPa8XonXcSHkQxsoBmD3mxsDC00masHpeMohhpQqjk+q8WHRBJKOr+8roEZ3bleVI/LTl2yak6hbINGXKwDwdQBAfOoAxXUIEaULiHR3iGF+PBeDJejbcsumBMZ/bgD4yPH7KcnO0=</latexit><latexit sha1_base64="Pp5DjJORzMa7sqJsWcUqTYUWERA=">AAACDHicbVDLSgMxFM3UV62vqks3g0WsCGXGjW6EghuXFewDOmPJpJk2NMkMyR2hjPMBbvwVNy4UcesHuPNvzLRdaOuBwMk555LcE8ScaXCcb6uwtLyyulZcL21sbm3vlHf3WjpKFKFNEvFIdQKsKWeSNoEBp51YUSwCTtvB6Cr32/dUaRbJWxjH1Bd4IFnICAYj9coV3EvZqZtdeiI5rurp5cGDIQV8l+ZidmJSTs2ZwF4k7oxU0AyNXvnL60ckEVQC4VjrruvE4KdYASOcZiUv0TTGZIQHtGuoxIJqP50sk9lHRunbYaTMkWBP1N8TKRZaj0VgkgLDUM97ufif100gvPBTJuMEqCTTh8KE2xDZeTN2nylKgI8NwUQx81ebDLHCBEx/JVOCO7/yImmd1Vyn5t64lbozq6OIDtAhqiIXnaM6ukYN1EQEPaJn9IrerCfrxXq3PqbRgjWb2Ud/YH3+AJLVmpw=</latexit>

Q0(si+1, µ
0(si+1|✓µ0

)|✓Q0
)

<latexit sha1_base64="J9rnmVNiQ2MMVmQFzN5lnjo3q+w=">AAACHXicbVDJSgNBEK1xN26jHr00BjGihBkR9Bjw4jEDZoEkhp5OJ2nsWeiuEcKYH/Hir3jxoIgHL+Jf+Al2FoImFjS8pYrqen4shUbH+bLm5hcWl5ZXVjNr6xubW/b2TllHiWK8xCIZqapPNZci5CUUKHk1VpwGvuQV//Zy4FfuuNIiCq+xF/NGQDuhaAtG0UhN+8w7zOlmKo7d/gmpB8mE3dexy5HepAOxfzShniFNO+vknWGRWeCOQbZge99PAFBs2h/1VsSSgIfIJNW65joxNlKqUDDJ+5l6onlM2S3t8JqBIQ24bqTD6/rkwCgt0o6UeSGSofp7IqWB1r3AN50Bxa6e9gbif14twfZFIxVhnCAP2WhRO5EEIzKIirSE4gxlzwDKlDB/JaxLFWVoAs2YENzpk2dB+TTvOnnXc7MFB0a1AnuwDzlw4RwKcAVFKAGDB3iCF3i1Hq1n6816H7XOWeOZXfhT1ucPqg+jPQ==</latexit><latexit sha1_base64="Lt+ZemcF7pNOKnfCkZFF5oGgvE0=">AAACHXicbVBLSwMxEM7WV62vVY9egkWsKGVXBD0WvHhswT6gu5Zsmrah2QfJrFDW/hEv/hUvHhTx4EX8N2bbpWjrQOB7zDCZz4sEV2BZ30ZuaXlldS2/XtjY3NreMXf3GiqMJWV1GopQtjyimOABqwMHwVqRZMT3BGt6w+vUb94zqXgY3MIoYq5P+gHvcUpASx3zonZcUp2En9rjM+z48Yw9ODBgQO6SVByfzGhNk45ZtMrWpPAisDNQRFlVO+an0w1p7LMAqCBKtW0rAjchEjgVbFxwYsUiQoekz9oaBsRnyk0m143xkVa6uBdK/QLAE/X3REJ8pUa+pzt9AgM176Xif147ht6Vm/AgioEFdLqoFwsMIU6jwl0uGQUx0oBQyfVfMR0QSSjoQAs6BHv+5EXQOC/bVtmu2cWKlcWRRwfoEJWQjS5RBd2gKqojih7RM3pFb8aT8WK8Gx/T1pyRzeyjP2V8/QCKSKDs</latexit>

Q0(si+1, µ
0(si+1|✓µ0

)|✓Q0
)

<latexit sha1_base64="J9rnmVNiQ2MMVmQFzN5lnjo3q+w=">AAACHXicbVDJSgNBEK1xN26jHr00BjGihBkR9Bjw4jEDZoEkhp5OJ2nsWeiuEcKYH/Hir3jxoIgHL+Jf+Al2FoImFjS8pYrqen4shUbH+bLm5hcWl5ZXVjNr6xubW/b2TllHiWK8xCIZqapPNZci5CUUKHk1VpwGvuQV//Zy4FfuuNIiCq+xF/NGQDuhaAtG0UhN+8w7zOlmKo7d/gmpB8mE3dexy5HepAOxfzShniFNO+vknWGRWeCOQbZge99PAFBs2h/1VsSSgIfIJNW65joxNlKqUDDJ+5l6onlM2S3t8JqBIQ24bqTD6/rkwCgt0o6UeSGSofp7IqWB1r3AN50Bxa6e9gbif14twfZFIxVhnCAP2WhRO5EEIzKIirSE4gxlzwDKlDB/JaxLFWVoAs2YENzpk2dB+TTvOnnXc7MFB0a1AnuwDzlw4RwKcAVFKAGDB3iCF3i1Hq1n6816H7XOWeOZXfhT1ucPqg+jPQ==</latexit><latexit sha1_base64="Lt+ZemcF7pNOKnfCkZFF5oGgvE0=">AAACHXicbVBLSwMxEM7WV62vVY9egkWsKGVXBD0WvHhswT6gu5Zsmrah2QfJrFDW/hEv/hUvHhTx4EX8N2bbpWjrQOB7zDCZz4sEV2BZ30ZuaXlldS2/XtjY3NreMXf3GiqMJWV1GopQtjyimOABqwMHwVqRZMT3BGt6w+vUb94zqXgY3MIoYq5P+gHvcUpASx3zonZcUp2En9rjM+z48Yw9ODBgQO6SVByfzGhNk45ZtMrWpPAisDNQRFlVO+an0w1p7LMAqCBKtW0rAjchEjgVbFxwYsUiQoekz9oaBsRnyk0m143xkVa6uBdK/QLAE/X3REJ8pUa+pzt9AgM176Xif147ht6Vm/AgioEFdLqoFwsMIU6jwl0uGQUx0oBQyfVfMR0QSSjoQAs6BHv+5EXQOC/bVtmu2cWKlcWRRwfoEJWQjS5RBd2gKqojih7RM3pFb8aT8WK8Gx/T1pyRzeyjP2V8/QCKSKDs</latexit>

Q(si, ai|✓Q)
<latexit sha1_base64="TxD7C7Fcyf9dwlbpdw2DLJdKpWI=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAYhgoQZL3oMePGYAbNAEoeeTidp0rPQXSPEGPwVLx4U8erVb/DmX/gJdpaDJj4oeLxXRVW9IJFCo+N8WZml5ZXVtex6bmNza3vH3t2r6jhVjFdYLGNVD6jmUkS8ggIlryeK0zCQvBb0L8d+7ZYrLeLoGgcJb4W0G4mOYBSN5NsHXkH74pRQX9w3sceR3ngnvp13is4EZJG4M5Iv2d73BwCUffuz2Y5ZGvIImaRaN1wnwdaQKhRM8lGumWqeUNanXd4wNKIh163h5PoROTZKm3RiZSpCMlF/TwxpqPUgDExnSLGn572x+J/XSLFz0RqKKEmRR2y6qJNKgjEZR0HaQnGGcmAIZUqYWwnrUUUZmsByJgR3/uVFUj0ruk7R9dx8yYEpsnAIR1AAF86hBFdQhgowuINHeIYX68F6sl6tt2lrxprN7MMfWO8/Q4eWng==</latexit><latexit sha1_base64="1fVB+d7Pw8OoFT60tV010UcVDRM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJG10W3LhswT6gjWEynbRDJ5MwcyPUWPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee4JEcA2O820VVlbX1jeKm6Wt7Z3dPXv/oKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GF1P/fY9U5rH8hbGCfMiMpA85JSAkXz7qFHRPj/HxOePPRgyIHeNM98uO1VnBrxM3JyUUY66b3/1+jFNIyaBCqJ113US8DKigFPBJqVeqllC6IgMWNdQSSKmvWx2/QSfGqWPw1iZkoBn6u+JjERaj6PAdEYEhnrRm4r/ed0Uwisv4zJJgUk6XxSmAkOMp1HgPleMghgbQqji5lZMh0QRCiawkgnBXXx5mbQuqq5TdRtuuebkcRTRMTpBFeSiS1RDN6iOmoiiB/SMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fI8CUTQ==</latexit>

Q(si, ai|✓Q)
<latexit sha1_base64="TxD7C7Fcyf9dwlbpdw2DLJdKpWI=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAYhgoQZL3oMePGYAbNAEoeeTidp0rPQXSPEGPwVLx4U8erVb/DmX/gJdpaDJj4oeLxXRVW9IJFCo+N8WZml5ZXVtex6bmNza3vH3t2r6jhVjFdYLGNVD6jmUkS8ggIlryeK0zCQvBb0L8d+7ZYrLeLoGgcJb4W0G4mOYBSN5NsHXkH74pRQX9w3sceR3ngnvp13is4EZJG4M5Iv2d73BwCUffuz2Y5ZGvIImaRaN1wnwdaQKhRM8lGumWqeUNanXd4wNKIh163h5PoROTZKm3RiZSpCMlF/TwxpqPUgDExnSLGn572x+J/XSLFz0RqKKEmRR2y6qJNKgjEZR0HaQnGGcmAIZUqYWwnrUUUZmsByJgR3/uVFUj0ruk7R9dx8yYEpsnAIR1AAF86hBFdQhgowuINHeIYX68F6sl6tt2lrxprN7MMfWO8/Q4eWng==</latexit><latexit sha1_base64="1fVB+d7Pw8OoFT60tV010UcVDRM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJG10W3LhswT6gjWEynbRDJ5MwcyPUWPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee4JEcA2O820VVlbX1jeKm6Wt7Z3dPXv/oKXjVFHWpLGIVScgmgkuWRM4CNZJFCNRIFg7GF1P/fY9U5rH8hbGCfMiMpA85JSAkXz7qFHRPj/HxOePPRgyIHeNM98uO1VnBrxM3JyUUY66b3/1+jFNIyaBCqJ113US8DKigFPBJqVeqllC6IgMWNdQSSKmvWx2/QSfGqWPw1iZkoBn6u+JjERaj6PAdEYEhnrRm4r/ed0Uwisv4zJJgUk6XxSmAkOMp1HgPleMghgbQqji5lZMh0QRCiawkgnBXXx5mbQuqq5TdRtuuebkcRTRMTpBFeSiS1RDN6iOmoiiB/SMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fI8CUTQ==</latexit>

✓Q0
= ⌧p✓

Q + (1 � ⌧p)✓
Q0

<latexit sha1_base64="QWzuH2yvTIng/AxSn6f0vewOqyI=">AAACG3icbVC7SgNBFL0b3/G1xtJmMKgRMeym0UYI2FgaMBpIYpidTJIhsw9m7gphSes32Aj6IzYWilgJFv6Nk0cREw8MHM45lzv3eJEUGh3nx0rNzS8sLi2vpFfX1jc27a3MtQ5jxXiZhTJUFY9qLkXAyyhQ8kqkOPU9yW+87vnAv7njSoswuMJexOs+bQeiJRhFIzXsQg07HOltUjro75/VkMaNiIy10lHOPR5JhxOxhp118s4QZJa4Y5ItZp7vnwDgsmF/1Zohi30eIJNU66rrRFhPqELBJO+na7HmEWVd2uZVQwPqc11Phrf1yZ5RmqQVKvMCJEN1ciKhvtY93zNJn2JHT3sD8T+vGmPrtJ6IIIqRB2y0qBVLgiEZFEWaQnGGsmcIZUqYvxLWoYoyNHWmTQnu9Mmz5LqQd528W3KzRQdGWIYd2IUcuHACRbiASygDgwd4gTd4tx6tV+vD+hxFU9Z4Zhv+wPr+BXJNoos=</latexit><latexit sha1_base64="IrlNlyT0niSzLJNib1NngtOzuXc=">AAACG3icbVC7SgNBFJ2Nrxhfq5Y2g0GNiGE3jTZCwMYyAfOA7LrMTibJkNkHM3eFsOQ/bPwVGwtFrAQL/8ZJskVMPDBwOOdc7tzjx4IrsKwfI7eyura+kd8sbG3v7O6Z+wdNFSWSsgaNRCTbPlFM8JA1gINg7VgyEviCtfzh7cRvPTKpeBTewyhmbkD6Ie9xSkBLnllxYMCAPKT1s/HpjQMk8WKcafWLkn05k87nYp5ZtMrWFHiZ2Bkpogw1z/xyuhFNAhYCFUSpjm3F4KZEAqeCjQtOolhM6JD0WUfTkARMuen0tjE+0UoX9yKpXwh4qs5PpCRQahT4OhkQGKhFbyL+53US6F27KQ/jBFhIZ4t6icAQ4UlRuMsloyBGmhAquf4rpgMiCQVdZ0GXYC+evEyalbJtle26XaxaWR15dISOUQnZ6ApV0R2qoQai6Am9oDf0bjwbr8aH8TmL5oxs5hD9gfH9C52KoHI=</latexit>

✓Q0
= ⌧p✓

Q + (1 � ⌧p)✓
Q0

<latexit sha1_base64="QWzuH2yvTIng/AxSn6f0vewOqyI=">AAACG3icbVC7SgNBFL0b3/G1xtJmMKgRMeym0UYI2FgaMBpIYpidTJIhsw9m7gphSes32Aj6IzYWilgJFv6Nk0cREw8MHM45lzv3eJEUGh3nx0rNzS8sLi2vpFfX1jc27a3MtQ5jxXiZhTJUFY9qLkXAyyhQ8kqkOPU9yW+87vnAv7njSoswuMJexOs+bQeiJRhFIzXsQg07HOltUjro75/VkMaNiIy10lHOPR5JhxOxhp118s4QZJa4Y5ItZp7vnwDgsmF/1Zohi30eIJNU66rrRFhPqELBJO+na7HmEWVd2uZVQwPqc11Phrf1yZ5RmqQVKvMCJEN1ciKhvtY93zNJn2JHT3sD8T+vGmPrtJ6IIIqRB2y0qBVLgiEZFEWaQnGGsmcIZUqYvxLWoYoyNHWmTQnu9Mmz5LqQd528W3KzRQdGWIYd2IUcuHACRbiASygDgwd4gTd4tx6tV+vD+hxFU9Z4Zhv+wPr+BXJNoos=</latexit><latexit sha1_base64="IrlNlyT0niSzLJNib1NngtOzuXc=">AAACG3icbVC7SgNBFJ2Nrxhfq5Y2g0GNiGE3jTZCwMYyAfOA7LrMTibJkNkHM3eFsOQ/bPwVGwtFrAQL/8ZJskVMPDBwOOdc7tzjx4IrsKwfI7eyura+kd8sbG3v7O6Z+wdNFSWSsgaNRCTbPlFM8JA1gINg7VgyEviCtfzh7cRvPTKpeBTewyhmbkD6Ie9xSkBLnllxYMCAPKT1s/HpjQMk8WKcafWLkn05k87nYp5ZtMrWFHiZ2Bkpogw1z/xyuhFNAhYCFUSpjm3F4KZEAqeCjQtOolhM6JD0WUfTkARMuen0tjE+0UoX9yKpXwh4qs5PpCRQahT4OhkQGKhFbyL+53US6F27KQ/jBFhIZ4t6icAQ4UlRuMsloyBGmhAquf4rpgMiCQVdZ0GXYC+evEyalbJtle26XaxaWR15dISOUQnZ6ApV0R2qoQai6Am9oDf0bjwbr8aH8TmL5oxs5hD9gfH9C52KoHI=</latexit>

✓µ0
= ⌧p✓

µ + (1 � ⌧p)✓
µ0

<latexit sha1_base64="D/tDQ2QtsAr+7Znsniz8LzbJ60c=">AAACIXicbZDJSgNBEIZrXGPcRj16aQxuiGHGi16EgBePEUwMZMahp9MxjT0L3TVCGHL1MUTxVbx4UCQ38WXsLAc1FjT8fP9fVFeFqRQaHefTmpqemZ2bLywUF5eWV1bttfW6TjLFeI0lMlGNkGouRcxrKFDyRqo4jULJr8Lbs4F/dceVFkl8id2U+xG9iUVbMIoGBfaJhx2O9Dr3omy3t3PqIc2ClIypgQd77uEI7v+KBnbJKTvDIpPCHYtSZf3p/hEAqoHd91oJyyIeI5NU66brpOjnVKFgkveKXqZ5StktveFNI2Mace3nww17ZNuQFmknyrwYyZD+7MhppHU3Ck0yotjRf70B/M9rZtg+8XMRpxnymI0GtTNJMCGDc5GWUJyh7BpBmRLmr4R1qKIMzVGL5gju35UnRf2o7Dpl98ItVRwYVQE2YQv2wIVjqMA5VKEGDB7gBd7g3Xq2Xq0Pqz+KTlnjng34VdbXNwp1pY4=</latexit><latexit sha1_base64="p0/Wl7s/JlvMZ2IlW4qvoQAltQg=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxqRSyJG7sRCm5cVrAXaGKYTCft0MmFmROhhL6KG1/FjQtFuhNfxmmbhW39YeDnO+dw5vx+IrgCy/o2VlbX1jc2C1vF7Z3dvX3z4LCp4lRS1qCxiGXbJ4oJHrEGcBCsnUhGQl+wlj+4m9Rbz0wqHkePMEyYG5JexANOCWjkmVUH+gzIU+aE6fno7NYBknoJzqmGl2X7agYv5lo9s2RVrKnwsrFzU0K56p45droxTUMWARVEqY5tJeBmRAKngo2KTqpYQuiA9FhH24iETLnZ9MIRPtWki4NY6hcBntK/ExkJlRqGvu4MCfTVYm0C/6t1UgiqbsajJAUW0dmiIBUYYjyJC3e5ZBTEUBtCJdd/xbRPJKGgQy3qEOzFk5dN87piWxX7wS7VrDyOAjpGJ6iMbHSDauge1VEDUfSC3tAH+jRejXfjyxjPWleMfOYIzcn4+QU1sqN1</latexit>

✓µ0
= ⌧p✓

µ + (1 � ⌧p)✓
µ0

<latexit sha1_base64="D/tDQ2QtsAr+7Znsniz8LzbJ60c=">AAACIXicbZDJSgNBEIZrXGPcRj16aQxuiGHGi16EgBePEUwMZMahp9MxjT0L3TVCGHL1MUTxVbx4UCQ38WXsLAc1FjT8fP9fVFeFqRQaHefTmpqemZ2bLywUF5eWV1bttfW6TjLFeI0lMlGNkGouRcxrKFDyRqo4jULJr8Lbs4F/dceVFkl8id2U+xG9iUVbMIoGBfaJhx2O9Dr3omy3t3PqIc2ClIypgQd77uEI7v+KBnbJKTvDIpPCHYtSZf3p/hEAqoHd91oJyyIeI5NU66brpOjnVKFgkveKXqZ5StktveFNI2Mace3nww17ZNuQFmknyrwYyZD+7MhppHU3Ck0yotjRf70B/M9rZtg+8XMRpxnymI0GtTNJMCGDc5GWUJyh7BpBmRLmr4R1qKIMzVGL5gju35UnRf2o7Dpl98ItVRwYVQE2YQv2wIVjqMA5VKEGDB7gBd7g3Xq2Xq0Pqz+KTlnjng34VdbXNwp1pY4=</latexit><latexit sha1_base64="p0/Wl7s/JlvMZ2IlW4qvoQAltQg=">AAACIXicbZDLSsNAFIYnXmu9RV26GSxqRSyJG7sRCm5cVrAXaGKYTCft0MmFmROhhL6KG1/FjQtFuhNfxmmbhW39YeDnO+dw5vx+IrgCy/o2VlbX1jc2C1vF7Z3dvX3z4LCp4lRS1qCxiGXbJ4oJHrEGcBCsnUhGQl+wlj+4m9Rbz0wqHkePMEyYG5JexANOCWjkmVUH+gzIU+aE6fno7NYBknoJzqmGl2X7agYv5lo9s2RVrKnwsrFzU0K56p45droxTUMWARVEqY5tJeBmRAKngo2KTqpYQuiA9FhH24iETLnZ9MIRPtWki4NY6hcBntK/ExkJlRqGvu4MCfTVYm0C/6t1UgiqbsajJAUW0dmiIBUYYjyJC3e5ZBTEUBtCJdd/xbRPJKGgQy3qEOzFk5dN87piWxX7wS7VrDyOAjpGJ6iMbHSDauge1VEDUfSC3tAH+jRejXfjyxjPWleMfOYIzcn4+QU1sqN1</latexit>

TD error
Ri + �Q0(si+1, µ

0(si+1|✓µ0
)|✓Q0)

<latexit sha1_base64="AZDYsYz/q8PD3FK6EPiZjXBS5ko="></latexit><latexit sha1_base64="6LqbHPyg8hsGSdhK8i6TS6SjKMQ="></latexit>

Ri + �Q0(si+1, µ
0(si+1|✓µ0

)|✓Q0)
<latexit sha1_base64="AZDYsYz/q8PD3FK6EPiZjXBS5ko="></latexit><latexit sha1_base64="6LqbHPyg8hsGSdhK8i6TS6SjKMQ="></latexit>

si
<latexit sha1_base64="gXhdP/fu67lxhtjZHh/C4Zb7bI0=">AAAB6nicbZC7SgNBFIbPJl5ivEUtbQaDYBV2bbRcsLGMaC6QLGF2MpsMmZ1dZs4KYckj2FgoYuuD+AwWgk+jk0uhiT8MfPz/Ocw5J0ylMOi6X06huLa+sVnaKm/v7O7tVw4OmybJNOMNlshEt0NquBSKN1Cg5O1UcxqHkrfC0dU0b91zbUSi7nCc8iCmAyUiwSha69b0RK9SdWvuTGQVvAVU/eLn9zsA1HuVj24/YVnMFTJJjel4bopBTjUKJvmk3M0MTykb0QHvWFQ05ibIZ6NOyKl1+iRKtH0Kycz93ZHT2JhxHNrKmOLQLGdT87+sk2F0GeRCpRlyxeYfRZkkmJDp3qQvNGcoxxYo08LOStiQasrQXqdsj+Atr7wKzfOa59a8G6/quzBXCY7hBM7Agwvw4Rrq0AAGA3iAJ3h2pPPovDiv89KCs+g5gj9y3n4AKMiQlg==</latexit><latexit sha1_base64="6lZSK/lbuM4UIVdExgcQDffCUrE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5stAzYWEY0H5AcYW+zlyzZ3Tt254Rw5CfYWChi6y+y89+4Sa7QxAcDj/dmmJkXpVJY9P1vr7SxubW9U96t7O0fHB5Vj0/aNskM4y2WyMR0I2q5FJq3UKDk3dRwqiLJO9Hkdu53nrixItGPOE15qOhIi1gwik56sAMxqNb8ur8AWSdBQWpQoDmofvWHCcsU18gktbYX+CmGOTUomOSzSj+zPKVsQke856imitswX5w6IxdOGZI4Ma40koX6eyKnytqpilynoji2q95c/M/rZRjfhLnQaYZcs+WiOJMEEzL/mwyF4Qzl1BHKjHC3EjamhjJ06VRcCMHqy+ukfVUP/HpwH9QafhFHGc7gHC4hgGtowB00oQUMRvAMr/DmSe/Fe/c+lq0lr5g5hT/wPn8AUpiNvg==</latexit>

si
<latexit sha1_base64="gXhdP/fu67lxhtjZHh/C4Zb7bI0=">AAAB6nicbZC7SgNBFIbPJl5ivEUtbQaDYBV2bbRcsLGMaC6QLGF2MpsMmZ1dZs4KYckj2FgoYuuD+AwWgk+jk0uhiT8MfPz/Ocw5J0ylMOi6X06huLa+sVnaKm/v7O7tVw4OmybJNOMNlshEt0NquBSKN1Cg5O1UcxqHkrfC0dU0b91zbUSi7nCc8iCmAyUiwSha69b0RK9SdWvuTGQVvAVU/eLn9zsA1HuVj24/YVnMFTJJjel4bopBTjUKJvmk3M0MTykb0QHvWFQ05ibIZ6NOyKl1+iRKtH0Kycz93ZHT2JhxHNrKmOLQLGdT87+sk2F0GeRCpRlyxeYfRZkkmJDp3qQvNGcoxxYo08LOStiQasrQXqdsj+Atr7wKzfOa59a8G6/quzBXCY7hBM7Agwvw4Rrq0AAGA3iAJ3h2pPPovDiv89KCs+g5gj9y3n4AKMiQlg==</latexit><latexit sha1_base64="6lZSK/lbuM4UIVdExgcQDffCUrE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5stAzYWEY0H5AcYW+zlyzZ3Tt254Rw5CfYWChi6y+y89+4Sa7QxAcDj/dmmJkXpVJY9P1vr7SxubW9U96t7O0fHB5Vj0/aNskM4y2WyMR0I2q5FJq3UKDk3dRwqiLJO9Hkdu53nrixItGPOE15qOhIi1gwik56sAMxqNb8ur8AWSdBQWpQoDmofvWHCcsU18gktbYX+CmGOTUomOSzSj+zPKVsQke856imitswX5w6IxdOGZI4Ma40koX6eyKnytqpilynoji2q95c/M/rZRjfhLnQaYZcs+WiOJMEEzL/mwyF4Qzl1BHKjHC3EjamhjJ06VRcCMHqy+ukfVUP/HpwH9QafhFHGc7gHC4hgGtowB00oQUMRvAMr/DmSe/Fe/c+lq0lr5g5hT/wPn8AUpiNvg==</latexit>

ai
<latexit sha1_base64="q3s1ITTAy6FoMK4y01EerOIDbZw=">AAAB6nicbZC7SgNBFIbPJl5ivEUtbQaDYBV2bbRcsLGMaC6QLOHsZDYZMju7zMwKYckj2FgoYuuD+AwWgk+jk0uhiT8MfPz/Ocw5J0wF18Z1v5xCcW19Y7O0Vd7e2d3brxwcNnWSKcoaNBGJaoeomeCSNQw3grVTxTAOBWuFo6tp3rpnSvNE3plxyoIYB5JHnKKx1i32eK9SdWvuTGQVvAVU/eLn9zsA1HuVj24/oVnMpKECte54bmqCHJXhVLBJuZtpliId4YB1LEqMmQ7y2agTcmqdPokSZZ80ZOb+7sgx1noch7YyRjPUy9nU/C/rZCa6DHIu08wwSecfRZkgJiHTvUmfK0aNGFtAqridldAhKqTGXqdsj+Atr7wKzfOa59a8G6/quzBXCY7hBM7Agwvw4Rrq0AAKA3iAJ3h2hPPovDiv89KCs+g5gj9y3n4ADVyQhA==</latexit><latexit sha1_base64="JbCoMzGgezJP5VFSRu0COAyulpg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5stAzYWEY0H5AcYW+zlyzZ3Tt254Rw5CfYWChi6y+y89+4Sa7QxAcDj/dmmJkXpVJY9P1vr7SxubW9U96t7O0fHB5Vj0/aNskM4y2WyMR0I2q5FJq3UKDk3dRwqiLJO9Hkdu53nrixItGPOE15qOhIi1gwik56oAMxqNb8ur8AWSdBQWpQoDmofvWHCcsU18gktbYX+CmGOTUomOSzSj+zPKVsQke856imitswX5w6IxdOGZI4Ma40koX6eyKnytqpilynoji2q95c/M/rZRjfhLnQaYZcs+WiOJMEEzL/mwyF4Qzl1BHKjHC3EjamhjJ06VRcCMHqy+ukfVUP/HpwH9QafhFHGc7gHC4hgGtowB00oQUMRvAMr/DmSe/Fe/c+lq0lr5g5hT/wPn8ANyyNrA==</latexit>

ai
<latexit sha1_base64="q3s1ITTAy6FoMK4y01EerOIDbZw=">AAAB6nicbZC7SgNBFIbPJl5ivEUtbQaDYBV2bbRcsLGMaC6QLOHsZDYZMju7zMwKYckj2FgoYuuD+AwWgk+jk0uhiT8MfPz/Ocw5J0wF18Z1v5xCcW19Y7O0Vd7e2d3brxwcNnWSKcoaNBGJaoeomeCSNQw3grVTxTAOBWuFo6tp3rpnSvNE3plxyoIYB5JHnKKx1i32eK9SdWvuTGQVvAVU/eLn9zsA1HuVj24/oVnMpKECte54bmqCHJXhVLBJuZtpliId4YB1LEqMmQ7y2agTcmqdPokSZZ80ZOb+7sgx1noch7YyRjPUy9nU/C/rZCa6DHIu08wwSecfRZkgJiHTvUmfK0aNGFtAqridldAhKqTGXqdsj+Atr7wKzfOa59a8G6/quzBXCY7hBM7Agwvw4Rrq0AAKA3iAJ3h2hPPovDiv89KCs+g5gj9y3n4ADVyQhA==</latexit><latexit sha1_base64="JbCoMzGgezJP5VFSRu0COAyulpg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5stAzYWEY0H5AcYW+zlyzZ3Tt254Rw5CfYWChi6y+y89+4Sa7QxAcDj/dmmJkXpVJY9P1vr7SxubW9U96t7O0fHB5Vj0/aNskM4y2WyMR0I2q5FJq3UKDk3dRwqiLJO9Hkdu53nrixItGPOE15qOhIi1gwik56oAMxqNb8ur8AWSdBQWpQoDmofvWHCcsU18gktbYX+CmGOTUomOSzSj+zPKVsQke856imitswX5w6IxdOGZI4Ma40koX6eyKnytqpilynoji2q95c/M/rZRjfhLnQaYZcs+WiOJMEEzL/mwyF4Qzl1BHKjHC3EjamhjJ06VRcCMHqy+ukfVUP/HpwH9QafhFHGc7gHC4hgGtowB00oQUMRvAMr/DmSe/Fe/c+lq0lr5g5hT/wPn8ANyyNrA==</latexit>

Back Propagation

SAGIN Environment

raQ(si, ai)r✓µµ(si|✓µ)
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Fig. 2: DDPG-based heterogeneous traffic offloading approach

B. MARKOV DECISION PROCESS FORMULATION

The first step is to reformulate the proposed optimization
problem (24) as a Markov decision process (MDP). Specifi-
cally, in each time slot, the DRL agent operated on the central
server collects the information from the SAGIN environment
and makes a decision based on the observations. We define
the MDP with 4 elements tuple ă S,A,T ,R ą, where S
is the observation space, A represents the action space, T is
the transition matrix and R is the possible reward set that can
be obtained from the SAGIN environment. The definition of
each element in the tuple is described as follows:

‚ Observation space: S fi tℓnrts, Lu
vrts, Le

vrtsu. The
observation space includes continuous variables, such
as the location of the UAVs tℓnrtsu, the load set of
eMBB traffic tLu

vrtsu, and the load set of URLLC traffic
tLe

vrtsu.
‚ Action space: A fi tαvrts,βvrts, bvrts,Mnrtsu where
Mnrts denotes the moving action of the n-th UAV.
Mnrts consists of the navigation speed vnrts, vnrts P

r0, vmaxs and the rotation angle Θnrts,Θnrts P r0, 2πs,
vnrts and Θnrts are continuous variables. The moving
action Mnrts is defined such that the constraint C5 in
problem (24) is satisfied.

‚ Transition matrix: T fi S ˆ A ˆ S. The value of
the transition matrix is binary and is determined by the
constraints (C2-C5) in problem (24) such that:

T psrts, arts, srt ` 1sq “

"

1, if (C2-C5) are satisfied,
0, otherwise.

(27)
In this regard, the transition matrix is sparse and most
of the action exploration are wasted. To accelerate the
training process, we develop a wrapper adhered to the
SAGIN environment. The actions are compressed be-
forehand with linear normalization and soft-max nor-

malization as follows:

αk
vrts Ð

αk
vrts

ř

kPpter,UAV,satq α
k
vrts

, (28)

βk
v rts Ð

βk
v rts

ř

kPpter,UAVq β
k
v rts

, (29)

Kvrts Ð
eKvrts

ř

vPV eKvrts
, Kvrts P tBUAV

n rts, Bsatrtsu.

(30)
‚ Reward Set R: We design the reward function to jointly

minimize the traffic dropping and the network latency
while guaranteeing the availability of URLLC traffic.
We note that minimizing the dropped traffic is equiv-
alent to maximizing the offloaded traffic for a certain
amount of traffic at each time slot. Therefore, and to
avoid a persistent negative reward, we involve the of-
floaded traffic f load

v rts rather than the dropped traffic
f drop
v rts in the definition of the reward function. Hence,

the value of the reward function in time slot t is defined
as:

Rrts “ ω1

ÿ

v

f load
v rts´ω2

ÿ

v

f delay
v rts´ω3a

u
avrts. (31)

The non-linear constraint C1 of problem (24) is consid-
ered in the reward function Rrts by adding a sufficient
penalty through au

avrts, which is the indicator of the
reliable offloading of URLLC traffic. If constraint C1
in problem (24) is satisfied, au

avrts is equal to zero. Oth-
erwise, au

avrts is equal to 1. By considering ω3 " ω1 and
ω3 " ω2, the DRL agent is assigned a big penalty if the
reliability is not guaranteed. We note that the offloading
function floadrts and the latency function fdelayrts are
normalized for a joint optimization, stable training and
faster convergence. We make the trade-off between the
offloading and the latency, by tuning the parameters w1

and w2. In general, the total offloaded traffic increases at
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the expense of latency and vice versa. If we care more
about the total offloaded traffic, then w1 is set to be
slightly larger than w2. However, if the network is more
sensitive to latency, then w2 is larger than w1.

C. CONSTRAINED DDPG ALGORITHM DESIGN
To design the sequential strategy, we optimize the long-term
accumulative reward by evaluating the state-action value
function, which is given by:

Qπrtsps,aq “ E

˜

T´t
ÿ

Tt“1

γTnRrt ` Tns

ˇ

ˇ

ˇ

ˇ

s,a, π

¸

, (32)

where 0 ă γ ă 1 is the discount factor.
The DDPG algorithm is implemented with an actor-critic

approach. The actor policy network µps|θµq specifies the
action a given the state s currently occupied by the agent,
where θµ shows the weights of the actor network. The critic
value network Qps,a|θQq specifies the temporal difference
(TD) error to criticize the actions made by the actor, where
θQ represents the weights of the critic network. The network
architecture is depicted in Fig. 2 and a detailed description
of the training process is presented in Algorithm 1. To
get a stable training, we used DNN rather than the table-
based value estimation method because the observation space
is highly-dimensional and the action space is continuous.
We conducted also the experience replay technique because
it provides buffer for mini-batch sampling. Moreover, we
imported the target models by using different networks for
both critic and actor training processes to avoid the harmful
correlations.

During the training process, the critic value network
Qps,a|θQq, the actor policy network µps|θµq, the envi-
ronment status S and the replay buffer are first randomly
initialized (Line 2). Then, the target networks Q1ps,a|θQ

1

q

and µ1ps|θµ
1

q are initialized by reproducing the weights of
the networks Qps,a|θQq and µps|θµq such that (Line 3):

θQ
1

Ð θQ, (33)

θµ
1

Ð θµ. (34)

The action is selected from a continuous action space by:

arts “ µ1psrts|θµ
1

q ` Grts, (35)

where Grts is a random Gaussian noise added to balance the
exploitation of the optimized action and the exploration of
the environment (Line 5).
To equivalently reformulate problem (24) as MDP and solve
the problem, we propose a constrained DDPG RL algorithm.
We develop the action wrapper to re-scale the elements of
actions by (28), (29), (30). The traffic is offloaded to different
types of networks and the bandwidth resource is assigned to
different macro base stations, while the sum of the propor-
tions equals to one. In this manner, the constraints (C2-C4) of
problem (24) can be satisfied (Line 6). If the offloaded traffic
exceeds the capacity of the network, we preferentially drop
the eMBB traffic due to the stringent reliability requirement

of URLLC traffic (Lines 6-8). Another borderline case occurs
when the SNR of the link between the UAV and the micro BS
is lower than the SNR threshold. The link should not be set
up and the traffic should not be offloaded through that given
link, such as RUAV

v,n “ 0. In order to satisfy the QoS, the traffic
should be served by other links or network segments (Lines
9-11).

By executing the action arts, the agent observes the new
state srt ` 1s from the SAGIN environment and obtains the
reward Rrts (Line 12). The interaction information is stored
as a tuple psrts,arts, Rrts, srt ` 1sq in the replay buffer for
further sampling (Line 13). We train the model by using batch
normalization. The samples of each mini-batch are randomly
selected in the replay buffer (Line 14). The adaptive moment
estimation (Adam) algorithm [34] is the deployed optimizer
for both critic network and actor network.

In each mini-batch, the critic value network can be updated
by minimizing the loss (Line 15):

L “
1

I

I
ÿ

i“1

pyi ´ Qpsi,ai|θ
Qqq2, (36)

where

yi “ Ri ` γQ1psi`1, µ
1psi`1|θµ

1

q|θQ
1

q, (37)

is the target value network, and I is the batch size. Index
i P I describes the sample selected from the replay buffer.
The weight of the value network is given by:

θQ “ θQ ´ αQ∇θQL

“ θQ ´
αQ

I

I
ÿ

i“1

2pyi ´ Qpsi,ai|θ
Qqq∇θQQpsi,ai|θ

Qq,

(38)
where αQ is the actor learning rate.

The actor policy network is updated by maximizing the
expected accumulative reward (Line 16):

Jpθµq “ ErQpsi,aiq|θµs. (39)

Consequently, the weight of the policy network is updated as:

θµ “ θµ ` αµ∇θµJpθµq

“ θµ `
αµ

I

I
ÿ

i“1

∇aQpsi,aiq∇θµµpsi|θ
µq.

(40)

Equation (40) is proved by [32]. The target value network and
the target policy network are fixed for several steps and then
are updated as (Line 17):

θQ
1

“ τpθ
Q ` p1 ´ τpqθQ

1

, (41)

θµ
1

“ τpθ
µ ` p1 ´ τpqθµ

1

, (42)

where τp ! 1 is the update coefficient, which describes
how much the target networks are updated by the current
networks.

The training process is operated until convergence, which
is validated in Section V. Once well trained, the model
can be installed in the UAVs embedded with computational
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Algorithm: Constrained DDPG RL Algorithm
Input : tLe

vrts, Lu
vrtsu, ϵ

Output: θQ, θµ

repeat
Initialize the state s, the critic value network
Qps,a|θQq, the actor policy network µps,a|θµq,
and the replay buffer

Initialize the target network Qps,a|θQ
1

q and
µps,a|θµ

1

q: θQ
1

Ð θQ, θµ
1

Ð θµ

for t<T do
Select action arts “ µpsrts|θµq from A
Compress the action elements by Eq. (28),
(29), (30) to satisfy the constraints C2-C4.
if the load of traffic exceeds the capacity then

drop preferentially the eMBB traffic
if Γv,nrts ă Γth then

set RUAV
v,n “ 0

Obtain the reward Rrts and observation
srt ` 1s

Store the transition psrts,arts, rrts, srt ` 1sq

in the replay buffer.
Sample randomly I transitions
(si,ai, ri, si`1) from the replay buffer
constituting a mini-batch

Update the critic value network by minimizing
the loss: L “ 1

I

řI
i“1 pyi ´ Qpsi,ai|θ

Qqq2

θQ “ θQ ´ αQ∇θQL
Update the actor policy network by

maximizing the expected accumulative
reward: Jpθµq “ ErQpsi,aiq|θµs

θµ “ θµ ` αµ∇θµJpθµq

Update the target networks:
θQ

1

“ τpθ
Q ` p1 ´ τpqθQ

1

θµ
1

“ τpθ
µ ` p1 ´ τpqθµ

1

until convergence;

system. Given the observation from the environment, the
time to process the inputs and generate the output actions is
negligible. Consequently, the execution of the model can be
regarded as a real-time implementation.

V. RESULTS AND ANALYSIS
In this section, we evaluate the performance of our system
in terms of latency and availability. For our simulations, we
consider two macro base stations separated by a distance
d “ 40km. We deploy 11 micro base stations according to
a Point Poisson Process with a density λp “ 0.004. Initially,
the UAVs are randomly positioned. We run our simulations
with Python 3.7 and Torch 1.3 on a supercomputer server
with Linux 3.10 operating system, NVIDIA TITAN, 1 GPU
and 6 CPUs for each task. A generic RL environment for
SAGIN is developed based on open AI gym framework [35].
For each neural network, we adopted a multi-layer perception
structure with two layers and 64 neurons in each layer. The

TABLE 1: System Parameters

Parameter Numerical Value

Macro BS Bandwidth (Bw) 100 (MHz)

Resource Block Bandwidth (BRB) 0.18 (MHz)

Noise power density (N0) -174 (dbm/Hz)

Micro BS transmission power (Wv) 20 (W)

URLLC Tolerable Outage Probability (ϵ) 10´6

eMBB packet size ( 1
µe

) [37] 100 (b)

S-curve parameters (b1, b2) 9.6, 0.16

Pass-loss for N-LoS transmission (ξNLoS) 20 (dB)

Pass-loss for LoS transmission (ξLoS) 1 (dB)

Maximum speed of the UAVs (vmax) 1 (km/min)

Satellite bandwidth (bsat) [36] 60 (MHz)

0.0 0.2 0.4 0.6 0.8 1.0
Traning Episodes 1e6

40

20

0

20

40

60

80

100

120

Ac
cu

m
ul

at
ed

 R
ew

ar
d

SNR threshold=-6 dB
SNR threshold=4 dB
SNR threshold=10 dB

Fig. 3: Accumulated Reward over Training Episodes.

commonly used Ornstein Uhlenbeck noise is used as action
noise, where the mean is set as zero and the variance equals
to 0.5. We trained the proposed DRL-based method for 1M
episodes, each of which has ten epochs (i.e. time slots). After
training, we test the algorithm for a period of T “ 10 epochs.
We set the reward function weights as ω1 “ 1, ω2 “ 1 and
ω3 “ ´10. The critic learning rate and the actor learning
rate are set as 10´3 and 10´4, respectively. The discount
factor is set as 0.95. The simulations parameters are detailed
in Table 1. We note that the used carrier signal to noise power
mentioned in Table 1 is relative to the Telesat LEO satellites
constellation [36].

We start first by examining the behaviour of our algorithm
over different epochs. Fig.3 shows the accumulated reward
over time for different SNR thresholds of the UAVs links. We
remark that the accumulated reward increases monotonically
over time until 200000 epochs. This observation is due to
the fact that the more we train the model, the better the
agent learns the environment until it converges after 200000
epochs. We also remark that the reward increases when the
SNR threshold of the UAV links decreases. This observation
is due to the fact that when the SNR threshold is lower,
more traffic is accepted into the network over the UAV
links. Consequently, our offloading approach offloads more
traffic to the backhaul and hence obtains a higher reward as

VOLUME 4, 2016 9



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

1 2 3 4 5 6 7 8 9 10 11
Micro BS

0.0

0.2

0.4

0.6

0.8

1.0

Of
flo

ad
 e

M
BB

 T
ra

ffi
c 

(b
ps

)

1e8
Offloaded to satellite
Offloaded to terrestrial network
Offloaded to UAV network
Satellite capacity
Terrestrial network capacity
UAV network capacity

Fig. 4: Distribution of the eMBB Offloaded Traffic over 3 Links.

1 2 3 4 5 6 7 8 9 10 11
0

1

2

1e7
Terrestrial network capacity

10 9

10 1

107

1015To terrestrial network

1 2 3 4 5 6 7 8 9 10 11
0

1

2

1e7
UAV network capacity

10 9

10 1

107

1015Offloaded to UAV network

Micro BS

Ne
tw

or
k 

Ca
pa

bi
lit

y 
(b

ps
)

Of
flo

ad
ed

 U
RL

LC
 T

ra
ffi

c 
(b

ps
)

Fig. 5: Distribution of the URLLC Offloaded Traffic over 2 Links.

anticipated by equation (31).
Then, we evaluate the performance of our offloading ap-

proach through three simulations, according to the variation
of the time, the SNR threshold of the UAV links Γth and
the number of UAVs. The optimization problem presented in
(24) is a non-convex and non-linear programming problem,
which is hard to solve in general. Obtaining an optimal
solution even for a single time slot will yield prohibitive
time complexity. Furthermore, the time and computational
resource consumption are not affordable by implementing
greedy or DQN algorithm since both the state and the action
need to be traversed in continuous spaces. Therefore, we
compare our results to two benchmarks:
1) Random offloading approach: the first benchmark is a ran-
dom offloading approach where the offloading proportions
and the resource allocation parameters are randomly deter-
mined. The comparison to this first benchmark underlines the
key role of DRL to achieve a better network performance.
2) Integrated satellite terrestrial network (ISTN) offloading
approach [23]: the second benchmark is an ISTN offloading
approach, where all the base stations are in the ground cov-
ered by one satellite. For a fair comparison, the ground base
stations in ISTN have an equivalent capacity equal to the sum
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Fig. 6: Cumulative URLLC Latency as function of Time.
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Fig. 7: Cumulative Offloaded Traffic as function of Time.

of the capacities of the ground base stations and the data rates
of the UAVs in SAGIN. In the ISTN offloading approach, the
authors offload the URLLC traffic to the terrestrial backhaul
only and offload the eMBB traffic to the satellite backhaul
and to the terrestrial backhaul [23]. The comparison to
this second benchmark highlights the importance of UAVs
mobility to improve the network’s QoS. Indeed, ISTN has
only ground base stations. However, SAGIN has ground base
stations and air base stations, which are the UAVs.

A. VARIATION OF TIME
In the first simulation, we examine the behaviour of our
offloading approach through 10 time slots. We fix the number
of UAVs at 3 and the SNR threshold for the UAV links at
Γth “ 0.1.

First, we compare the used capacities by our offloading
approach for both traffic types respectively in the three links,
namely, satellite, UAVs and terrestrial links. Because eMBB
is generated in huge volumes (in the order of 107 bps)
compared to URLLC (in the order of 104 bps), we can see
in Fig.4 and Fig.5 that most of the available capacity in the
UAVs links and in the terrestrial links is taken by the eMBB
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Fig. 9: Cumulative URLLC Availability as function of Time.

traffic. We highlight also the pivotal role of the satellite to
deliver the eMMB traffic to the backhaul as illustrated in
Fig.4. Indeed, approximately 68% of the total eMBB traffic
is offloaded to the satellite against 30% to the terrestrial links
and 1% to UAV links. As far as URLLC is concerned, the
offloaded traffic is almost equally offloaded to the terrestrial
links and to the UAV links as illustrated in Fig.5.

Second, we study the variation of the URLLC delay expe-
rienced in the terrestrial link and in the UAV links. Based on
the results depicted in Fig.6 , we observe that our offloading
approach reduces substantially the total latency experienced
by the URLLC packets over 10 time slots compared to both
benchmarks.

Then, we study the total amount of the offloaded traffic
in the three links; namely satellite, UAV and terrestrial. As
illustrated in Fig.7, our offloading approach boosts more im-
portantly the total offloaded traffic to the backhaul compared
to both benchmarks, especially for higher traffic amounts (i.e.
at the last time slots). This proves its capability to operate
decently in dense networks.

Afterwards, we study the network availability for both
traffic types. Therefore, we evaluate the percentage of the
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Fig. 10: Average URLLC Latency as function of UAV SNR Thresh-
old.
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Fig. 11: Total Offloaded Traffic as function of UAV SNR Threshold.

successfully offloaded traffic out of the totally sent traffic.
In the results presented in Fig.8 and Fig.9 , we notice that

our offloading approach surpasses both benchmarks in terms
of the offered availability to both eMBB and URLLC traffic.
Interestingly, our offloading approach succeeds to achieve
an availability rate of 100% over all the time slots for the
URLLC traffic. This result fulfills perfectly the requirements
of this latter slice.

B. VARIATION OF THE SNR THRESHOLD OF UAV LINKS
In the second simulation, we investigate the influence of the
UAV link quality on the performance of our system. We fix
the number of UAVs at 3 and we vary the SNR threshold
for the UAV links Γth between -15 dB and 10 dB. We study
first the variation of the URLLC delay experienced in the
terrestrial link and in the UAV links. The results depicted in
Fig.10 show that our offloading approach surpasses distinctly
both benchmarks. We note also that the variation of Γth
does not alter significantly the URLLC latency for all three
models. This observation is due to the fact that the decrease
of the offloaded traffic for increasing SNR thresholds Γth is
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Fig. 12: Mean eMBB Availability as function of UAV SNR Thresh-
old.
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Fig. 13: Mean URLLC Availability as function of UAV SNR
Threshold.

not important enough to impact the latency.
Then, we study the total amount of the offloaded traffic to

the three links (i.e. satellite, UAV and terrestrial) as depicted
in Fig.11. As anticipated, we notice that the total offloaded
traffic decreases when Γth increases for our offloading ap-
proach. This observation is due to the fact that less traffic is
accepted in the UAVs links when Γth increases. We remark
also that our offloading approach has the highest offloaded
traffic even for the lowest Γth values (i.e. the UAV links are
mostly established). This observation emphasizes the validity
of our model in dense networks.

Afterwards, we study the network availability for both
traffic types. On the one hand, the results presented in
Fig.12 show that our offloading approach ameliorates the
eMBB availability, especially compared to ISTN (with 20%
on average) and to the random approach also (around 15%
on average). It is noteworthy that eMBB availability is not
strongly affected by the SNR threshold in ISTN. On the
other hand, the results presented in Fig.13 underline that
our offloading approach has advantage over both benchmarks
in terms of URLLC availability, especially for the lowest
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Fig. 14: Average URLLC Latency as function of the Number of
UAVs.
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Fig. 15: Total Offloaded Traffic as function of the Number of UAVs.

Γth where availability is stable at 100%. This observation
is due to the fact that even a mediocre signal quality can
establish communication links with UAVs. These results are
also in line with the total offloaded traffic results depicted in
Fig.7, since higher availability levels are achieved when Γth
decreases.

C. VARIATION OF THE NUMBER OF UAVS
In the third simulation, we inspect how the UAVs number
impacts our system performance. We vary the number of the
present UAVs between 2 and 7 and we consider the SNR
threshold of UAVs links as a parameter rated at 4 dB and 10
dB respectively. We study first the variation of the URLLC
delay experienced in the terrestrial link and in the UAV
links. Based on the results depicted in Fig.14, we observe
that our offloading approach helps decrease significantly the
URLLC latency compared to ISTN. This observation reveals
the key role that the UAVs mobility plays to enhance the
experienced latency in the network. We notice also that the
URLLC latency in ISTN is seriously affected by the number
of the present UAVs because more traffic is offloaded to
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Fig. 17: Mean URLLC Availability as function of the Number of
UAVs.

the backhaul links that are all static. Then, we study the
total offloaded traffic in the three links (i.e. satellite, UAV
and terrestrial). As illustrated in Fig.15, we remark that our
offloading approach outperforms ISTN specially when a low
number of UAVs are entailed. We note also that the SNR
threshold parameter influence more clearly the results for
ISTN than our offloading approach. This observation is due
to the benefits of the UAV trajectory design adopted in our
DRL algorithm, which places the UAVs in the most loaded
areas and maintains a close total offloaded traffic for different
SNR thresholds.

Afterwards, we study the network availability for both
traffic types. As depicted in Fig.16, we remark that our
offloading approach improves considerably the eMBB avail-
ability compared to ISTN for different SNR threshold of the
UAV links. We also notice that the eMMB availability in-
creases with the number of UAVs because more traffic can be
offloaded to the backhaul, which is endorsed by the capacities
of the added UAVs. As illustrated in Fig.17, our offloading
approach outperforms ISTN in terms of URLLC availability
for different SNR threshold of the UAV links. Particularly, we

note that URLLC needs are not met by ISTN for both SNR
thresholds where the availability is less that 80%. However,
our DRL algorithm meets the URLLC requirements once 4
UAVs or more are present in the network, and achieves a
100% rate exclusively for Γth “ 4 dB.

VI. CONCLUSION
In this paper, we proposed a heterogeneous traffic offloading
approach in SAGIN to meet the various requirements of 5G
slices in terms of high data rates, delay and reliability. Ac-
cording to this approach, the eMBB traffic is offloaded to the
satellite and to UAVs to satisfy its need for high throughput.
However, the URLLC traffic is only offloaded to UAVs to
satisfy its need for ultra-low latency. Our results stressed
the importance of the integration between satellite, UAVs
and terrestrial network to fulfill a better QoS for different
slices and traffic types. Precisely, our offloading approach
succeeded to enhance substantially the availability and the la-
tency experienced respectively by eMBB and URLLC traffic
compared to ISTN and spotlighted hence the power of UAVs
mobility. Our results stressed also the importance of DRL as
a key tool to learn more easily the network dynamics than
the optimization approaches and to allocate efficiently the
available resources. For future work, we plan to investigate
the energy consumption of partial observable multi-UAV
system in this network dynamic context with heterogeneous
traffic types and requirements. Moreover, we will focus on
the massive machine type communications (mMTC) traffic
in addition to eMBB and URLLC to cover simultaneously
and efficiently the conflicting needs of the 5G slices.
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