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Abstract—Addressing the pressing requirement for dynamic
and intelligent allocation of slicing resources, the dynamic pro-
visioning of resources based on traffic predictions has emerged.
Although this method favours proactive scheduling of network
slices, more complexities are introduced by the prediction un-
certainty. In addition, because multi-tenant networks are always
changing in terms of technology and business model, profit-aware
network slicing is becoming an important topic of study in the
field of resource provision. This paper focuses on profit-aware
slicing resource provisioning amid traffic uncertainty in multi-
tenancy flexible Ethernet over wavelength division multiplexing
networks. Specifically, we develop a profit model for multi-tenant
network slicing, accounting for the impact of network prediction
uncertainty, and formulate the problem as maximizing the profit
of users primarily. To solve this problem, we propose a profit-
aware resource provisioning approach that first checks if the slice
requests are made by pruning algorithms and then determines
the service relationship between slices and tenants by matching
games. Simulation results demonstrate the superiority of the
proposed algorithm over benchmarks in terms of user profit,
total benefit, and denial ratio of service.

Index Terms—Resource Provision, Multi-tenant, Network Slic-
ing, and Prediction Uncertainty

I. INTRODUCTION

The commercialization of 5G technology and the ongoing
research on B5G and 6G have spawned a variety of emerging
applications ranging from the consumer to the industrial sec-
tors, such as the Internet of Vehicles, augmented reality/virtual
reality, and smart manufacturing [1]-[3]. On the other hand,
the rapid expansion of network application scenarios also leads
to a significant increase in the number and diversity of network
slices, increasing the importance of customised and intelligent
management of these slices. Within the market innovation
framework driven by the multi-tenancy model, profits gained
through network slicing now significantly influence the re-
source provisioning of these slices [4], [5].
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To deal with the dynamic traffic patterns of network slicing
services, there is a growing interest in proactive network
slicing mechanisms that enable dynamic network resource
provisioning based on network slicing traffic predictions [6],
[7]. However, the inherent uncertainty in network traffic pre-
diction poses challenges. Strict adherence to prediction results
when allocating network resources may lead to a decline in
the quality of service or interruptions in network slicing [8].
Consequently, prediction-based resource allocation schemes
generally incorporate over-provisioning to prevent slice degra-
dation or blockages [9], [10]. Nevertheless, the profitability of
slicing is still potentially impacted.

In multi-tenant networks, tenants lease network resources
from network providers and rent them to users to provide
slicing services. The primary drivers shaping network role
behaviours are cost reduction and profit enhancement. Con-
sequently, there is dedicated research aimed at formulating
resource allocation strategies that maximize the profits of net-
work roles [11]-[13]. However, the strategies with prediction
uncertainty in proactive network slicing are not taken into
account. However, existing studies on profit-based resource
allocation have not considered the impact of prediction uncer-
tainty with proactive network slicing.

Meanwhile, the current Flexible Ethernet (FlexE) over
wavelength division multiplexing (WDM) transport network,
employing FlexE and WDM/OTN, stands out as a leading
technological solution for transport networks in the 5G era
[14]. The development of a multi-tenancy mechanism is seam-
lessly achievable within the FlexE and WDM/OTN frame-
works, thanks to the inherent support of FlexE for network
slicing [15]. The distinctive technical characteristics of optical
transport networks introduce variations in the handling and
distribution of slices, setting them apart from radio access
networks and core networks.

In this paper, we have analysed profit-aware proactive
slicing resource provisioning mechanisms and explored the
methodologies and optimisation approaches used in slicing
resource provisioning based on the profit of users in multi-
tenancy FlexE-over-WDM networks. Additionally, we evaluate
the impact of prediction uncertainty on the profits of network
roles. Overall, the contributions of this paper are summarised
as follows:
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Fig. 1. A general network architecture of slicing resource provisioning in
Multi-Tenant FlexE-over-WDM Networks.

o We propose an architecture for slicing resource provision-
ing and develop a profit-aware model with taking into
account the impact of network prediction uncertainty in
proactive dynamic slicing in FlexE-over-WDM network.

o We formulate the problem as maximizing the profit of
users and propose a profit-aware resource provisioning
framework to solve this problem.

o Simulation results demonstrate that our proposed scheme
outperforms other baselines in improving user profit and
total benefit and reducing the denial ratio of service.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first introduce the considered system
model and then formulate the optimization problem.

A. System Model

As illustrated in Fig. 1, the network infrastructure comprises
devices in the device layer. Tenants rent resources from net-
work providers to create network slices tailored to the diverse
services they offer to users. To optimize network resource
utilization, a dynamic slicing adjustment strategy based on
predictions is employed. The neural network gathers and
predicts the traffic of network slices, generating corresponding
resource provisioning strategies for multi-tenancy. Users can
choose network slicing from different tenants based on revenue
assessments. At each time interval ¢, resource provisioning
dynamically adjusts based on prediction results and the tenant-
user relationship. If the proactive provisioned resources cannot
meet the actual service requirements, tenants and users may
incur additional costs. These costs include additional resources
and dispatch costs to expand slice capacity or the cost of
service dispatch. This paper focuses on resource provisioning
among different network roles based on slicing profits.

We define some operational symbols, with « (¢) representing
the value of * at time interval ¢, and use o(z,y) = [z/y]
to represent the upward rounding of z/y. The infrastruc-
ture of the FlexE-over-WDM network can be denoted as
G = (V,E). FlexE switches are distributed across network

nodes V:{V,,,n € [1, N,,]} to facilitate inbound and outbound
traffic for network slicing. The links E: {E,,,,Vm,n € V}
are realized by wavelength of WDM, the bandwidth is
B : {B,n,Vm,n € V}, and the transport delay is denoted
by 7 : {Tmn,¥m,n € V}. Simultaneously, the number of
slots that can be scheduled per FlexE switch are denoted
by N/ : {NJ,Vn € [1,N,]}. Each slot has a bandwidth of
bs. The wavelengths of the links are represented by N*:
{N ans VM, M€ V}, with each wavelength having a bandwidth
of b -

In the context of multi-tenancy, the tenants are denoted by
T:{Ty, k € [1, N¢]}, and the corresponding tenant network of
Ty, is represented as G" = (V*,E*). The number of FlexE
slots and wavelengths for T} are represented by N,f and
N)E ¥m,n € V. The services from users are denoted by
fi{si,di, by, 7, R}, i € [1, N], with elements ordered as the
source node, destination node, bandwidth requirement, latency
requirement, and the set of transport paths of f;. The FlexE
granularity offered by the network provider to the tenants is
a single slot, while the wavelength granularity is a single
wavelength. The granularity offered by the tenant to the user
is based on bandwidth, denoted as ;.

Regarding traffic prediction, we use x; and ¢; to repre-
sent the actual and predicted traffic of f;. To assess the
usability of predictions during resource provisioning, each
slice’s prediction is labeled to indicate credibility, denoted as
A:{A4;}, where A;=1 means the predicted traffic of f; is
credible. Conditions under which slice predictions are credible
or not have been discussed in previous studies [6]. We define
T € [0,1] as resource over-provisioning factor to realize the
level of resource over-provisioning based on prediction results.
If the predicted result is credible, the resource provisioning
strategy is based on the predictions; otherwise, it is based on
b;, as shown in (1). Additionally, we use Ab; to represent
the difference in provisioned resources for f; after and before
emergency resource adjustment.

b,:{o(max@(;{,b()),(sb), A-n=1
o =oit).6), Ai(t—1)=0 '

Regarding the price at resource provisioning, we use
CE o, CF,Ch, CFp, Oy, CF, C’é“l} to represent the cost for

.. The elements are ordered as the total cost to serve the ser-
vices, the resource rental cost from the network provider,and
the service management cost of tenant services, the scheduling
cost of FlexE slots, the scheduling cost of wavelength, and
use C! to represent the additional dispatch cost of f; during
service time. Furthermore, let p={p¢, px, Pm, Pt, Du } represent
the unit price of resources, with elements ordered as the price
of FlexE slots, the wavelength, the management price of the
slices, and the unit price of bandwidth from tenants and users.
Let n={nx,ns, M, nq} represent the price factor of wavelength
and FlexE slot costs for emergency adjustments of tenants, the
price factor of bandwidth costs for emergency adjustments of
fi, and the price factor of bandwidth costs for service dispatch.
Moreover, let U={U},U%} ,Vk € [1,N],i € [1, N] denotes




the profit, with its elements representing the profit of 7} and
fi, respectively. We propose two conditions that are assumed
for realism. First, due to service competition of T}, profit
margins can only be maintained at K. The actual transport
latency of f; is denoted as 7;’. The value of the services is
influenced by 7/ with the factor ,, i..,

exp (u) , if 7 <7,
Vi = i (2)

)

0, otherwise.

which indicates the delay has exponential impacts on the value
of slices. We define the slice management cost of T; as

. I
CL = pm (%’;’“) : 3)

where N! represents the tenant’s management capacity. and
I; indicates the service relationship. that I; =1 when f; is
served by tenant 7}, and I; =0 otherwise.

This cost model indicates that as more service slices are
added, the overhead will grow quadratically. We define the
value of slice f; as

v; = Yipu In (1 + 24) . 4

Additionally, we use © to indicate whether the resources are
sufficient for new slices, with © = 1 indicating insufficient
resources for any requested slice, and use €2 : {€2;;} to indicate
whether resources can be extended when the actual traffic
requirement of f; exceeds the original provisioned amount at
the beginning of the time interval.

Before delving into dynamic resource provisioning, we first
formulate the model as follows: For tenants, the number of
FlexE slots on node V,,, and wavelengths on link E,,,, leased
to T} can be calculated as

> 2

fi€F Vi e{ss,ds }

Z Z Vi Iri, b

fi€F Eyn€R;

b//i[kia bf )
®)
Nl?,mn =0

FlexE slots and wavelengths change dynamically with dy-
namic resource provisioning. We use ANkf and AN} to
indicate the difference in slots and wavelengths for 7} during
the adjacent time intervals. And use J.V, kf and JN}} to denote
their difference at emergency resource adjustments.

The rental resource cost of T} can be obtained by

ck=ck ot c*, (6)
where Cff and Cf/\ can be derived as
ok _ APt Zv e N, i £=0, -
" PFO v, ey AN,f’m, otherwise. ’
and

Cf/\ = Dx Z Nli\,mn 3

Ern €EF

Simultaneously, C* and C* , under emergency adjustment can
be calculated as

CE =nsONL +moNg,

Ciy = a0~ b)) ®
Subsequently, the profit of f; can be calculated by
U, = vi = pibi, (10)
and the profit of 7T} can be obtained as
UF = Cf = Clow = Y _pibilii = Clogr. (1)

In the context of dynamic resource provisioning, slices
exist in credible and not credible states. Concurrently, there
are three possibilities for f;, denoted by «;, during resource
provisioning at time duration ¢: fulfillment, scalability, and
non-scalability, denoted by .%, ., and ./, respectively.

i) Fulfillment: The actual traffic of f; does not exceed
b, indicating that the resources need no further modifications
during the t-th time interval.

ii) Scalability: If the actual traffic of f; exceeds b}, and
the provisioned resources can be extended in an emergency,
the tenant and user must expand resources at an additional
cost. Alternatively, they may choose to forgo the extension
of resources, resulting in a; = .47, a decision influenced by
profit considerations.

iii) Non-scalability: If the actual traffic of f; exceeds b},
and the provisioned resources cannot be extended due to
insufficient resources or user decisions, the user of f; must
bear the loss of dispatch.

The CE of T} and the profit of f;, i.e., Ul need to be

COs!
updated in dynamic resource provisioning as

Chy= Y (CE+Ch)+ > (Ch+Ch+Ch)
a;=F a; =5 (12)
+ Z (Cr+ck+ch)
ai:JV
and )
- pib}, &=
Ul = Qv — pib —miAby, o =7 . (13)
—piby —nabi, =N

B. Problem Formulation

We aim to maximize the profit of the users by optimizing
the service relations of tenants and users (I and R;) while sat-
isfying the constrains of the model. Thus, and the optimization
problem can be formulated as

max Z (14a)
LR ‘ ficF

> <1, Vfi€F, (14b)
T, €T

> Nl <N/ Wy, eV, (14c)
Tp€T

> Ny, SN, VE,, €E, (14d)
TreT

UF=KCk ., VT.€T, (14e)



Here, constraint (14b) ensures one service can only be served
by one tenant at one time; constraints (14c) and (14d) ensure
that the provisioned resources of FlexE slots and wavelengths
cannot exceed the capacity of the network, respectively; con-
straint (14e) ensures the profitability of the tenants.

III. PROFIT-AWARE RESOURCE PROVISIONING

In this section, we introduce a profit-aware resource pro-
visioning framework for multi-tenancy FlexE-over-WDM net-
works, aiming to maximize the total profit of all users.

A. Profit-Aware Resource Provisioning Analysis

As the state ./ is unpredictable. we first consider the case
where «; =.% and «; =.%. The probability of «; to be .# can
be obtained based on the historical statistics of the prediction,
denoted by ;. Then, Ufl can be redefined as

Uy = m; (vi — piby) + (1 — m) (v; — plbf — miAb;), (15)
Simultaneously, b; can be expressed as

b, = mb; + (1 —m;) b, (16)

Considering the predicted traffic, the scenario where a; = A~
is unexpected. Further discussion on the criteria for such a
situation will be addressed later.

In light of this, we establish the value of 2; based on the
anticipated bandwidth of the service dispatch. Given that the
network offers FlexE slots and wavelengths, two conditions
must be met by f; to set ; = 0.

i) Slots: At node V}, the total number of FlexE slots
occupied by all serviced slices, including both entering and
exiting slices, is greater than the total number of FlexE slots
provided by the node, as shown in (17).

S o(6) 2N eV

Tv€T fi€F V€{s;,d; }

a7

ii) Wavelengths: The wavelengths occupied by all tenants
exceed the capacity of the network. To provide a mathematical
expression for this condition, we define G/, as the pruning
of G* by Ef. This can be achieved through the following
steps: a) Find the k-shortest path (KSP) for each slice with
source and destination nodes not being V,,, and V,, (or V,
and V,,,) from Gk, b) Calculate the least-cost paths for each
slice separately using a matching game. c) Add to the path
the desired flows b} of the remaining slices of the network,
excluding network slices other than V,, — V,, or V,;, — V.
d) Prune G*, with the network retaining its existing capacity
and only the KSP between V,, and V,,. By following these
steps, we obtain G/,,,.

We define Flow(G.,,,, Vi, V,) as the maximum flow be-
tween V,,, and V,, in G/,,,. The corresponding condition can
be expressed as shown in (18).

Flow (G, Ve, Vo) < > Y b,

fR€F (81, =Vm,dr=Vy)
(8k=Vn,dr=Vi)

(18)

For better understanding, consider the example shown in
Fig. 2. The tenant network G' has 5 nodes with a link capacity

G': 2 Gl,:
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Fig. 2. The DRL-based INC-enhanced task offloading framework in MEC
networks.

of 500Mbps. There are 4 credible slices (f; to f4) with
expected bandwidths: by = 300 Mbps, by = 200 Mbps,
b3 = 300 Mbps, and by = 500 Mbps. Assume that the
optimal cost paths obtained according to the matching game
are f1 : [Eoi, Eua), fo 1 [Eas, Esal, f3 : [Ei2, Eas), fa :
[E14, E45), respectively. Following the steps outlined earlier,
we obtain G%s and Gj,. In Gi5, link E;, is allocated to
f1, leaving a remaining bandwidth of 200M bps on this link.
Similar capacities for the other links can be determined. There
are two eligible paths between V; and Vs, resulting in a
maximum stream of 400Mbps. Since this exceeds the sum
of b and b}, Q3 = Q4 = 1. The costing of f3 and f4 needs
to take into account the cost of dispatch for failing to meet
the requirements of their extensions. Similarly, in G%4, the
maximum stream is 700M bps, which is greater than the sum
of b} and b},. Thus, ; = Qs = 0. When calculating the costs
of f1 and f5, the costs of their extensions are calculated on
the basis that no dispatch will be incurred.

B. Profit-aware Slicing Resource Provisioning Algorithm

Based on the analysis, we propose the Profit-Aware Slicing
Resource Provisioning Algorithm with Multi-Tenancy Gaming
(PS-MTG), consisting of two sub-algorithms. The Slicing
Request Pre-Check Algorithm is primarily used to verify
whether the slicing satisfies the conditions mentioned earlier,
updating € for the slices. Lines 3-8 are used to check the
condition of the slots, while Lines 9-21 primarily address the
wavelength condition, beginning with the pruning of the tenant
network. In the pruning process, Lines 9-15 realise steps a and
b. Line 17 is used to calculate the pruning graph, and Lines 18-
21 are employed to check whether the wavelength condition
holds.

After the pre-check, we obtain the set of slice requests F/
that can be served by tenants. We then design the matching
algorithm between slices and tenants, as shown in Algorithm 2.
The loop, starting from Line 2 and continuing until the net-
work is congested or all slices are served, is initiated. Lines 3-
12 are primarily for match gaming, determining the served
tenant for f. During the games, user f; receives quotations
from tenants and selects the most profitable one to fulfill the
service. Line 7 initially removes f; from the best relations



Algorithm 1 Pre-Check on Credible-Predicted Slice Requests.
Input: G,F, T, A, i, qi, ™ Vfi €F.

1: Initialize: The set of slices with services F' = F.

2: Sorted F by slice value.

3: for V; € V do

4 if (17) holds then

5 ifsk:W\|dk:‘/ithen

6: Update the cost C; , of fi.

7 else

8 Set F' «+ F' — f;, and refuse service fy.
9: for fi € F do

10:  Calculate KSP for f; and save them to R;.
11:  if R; = () then

12: Refuse Service f;.

13:  else

14: Update C°.

15:  Categorize slices by source and destination.
16: for each endpoints pair (s = V., dp = V,,) do
17:  Calculate G*

mn-*

18:  if (18) holds then

19: Update the cost C?, of fy.
20:  else
21: Set F' + F' — f;, and refuse service f.

Algorithm 2 Slice-Tenant Matching for Credible Prediction.
Input: G, F', T, z;,q;, mVf; € F.

1: Inmitialize: Indication of network congestion © = 0.

2: while |[F| > 0]|Q2, = 1,Vf; € F do

3. for f;, € F' do

4 Calculate the expected profit U* of fy.

5:  Creating match relations between slices and tenants
through matching games (make I).

6: Set F/ + F — f;, and update G™.

7. if ©(¢t) = 0 (The network is not congested) then

8: for f; € F' do

9: if G congested after serve f; then

10: Set ©(t) = 1.

11:  if ©(t) =1 then

12: Run Algorithm. 1 with F = F’.

13: Update the cost, profit and path of F’..

in the matching game. If the tenant network G" becomes
congested after serving f; (i.e., ©(t) = 1), indicating the need
for resource provisioning changes, Algorithm 1 is executed
to update all tenants with the latest resource information and
costs (Linel2). Once the match is concluded, the final costs,
profits, and paths of F are updated (Line 13).

IV. SIMULATION RESULTS
In this section, we evaluate our proposed algorithm and
compare it with other baselines.
A. Setup and Baselines

We evaluate the proposed profit-aware resource provisioning
algorithm in 14 nodes NSF Network, as Fig. 3 shows. Mean-

Fig. 3. The 14-node NSF network.
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while, we present the values of the parameters in the model,
shown in Table L. In the simulation, 200 services are created by
intercepting and scaling real data, with the sliced data traffic
restricted to the range of 0 to 10 Gbps. The delay for each slice
is stipulated to be randomly selected within the range of 40
ms to 100 ms, at 10 ms intervals. The comparison algorithms
employed in the simulation include the FULL algorithm,
which performed resource provisioning without utilizing the
proactive network slicing mechanism and adheres to a fixed
bandwidth allocation, and the FIX algorithm, which is based
on the proactive slicing mechanism for over-provisioning. We
use Al-based (GRU-base) prediction from our previous studies
[6] to make predictions and decide the credibility.

B. Evaluation Results

TABLE 1
THE VALUE OF PARAMETERS IN SIMULATION
Param Value Param Value Param | Value
by 5 Gbps by 10 Gbps | N7 50
3 5 ng 5 i 5
p? 20 2 30 D 50
op 100 Mbps T! 10% N? 30
N* 20 N4 10 Pl 5

We evaluate four metrics: actual user revenue; expected
revenue with PS-MTG; expected revenue with proactive al-
location using the FIX algorithm but without employing the
PS-MTG algorithm to scale sliced resources; and expected
revenue with the FULL algorithm assuming allocation based
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on the total slice bandwidth. In simulation, FIX and FULL al-
gorithm are use the same parameters with PS-MTG algorithm.

The simulation spans 24 consecutive time intervals, il-
lustrating user benefits in Fig. 4. Algorithms incorporating
an proactive network slicing mechanism demonstrate more
precise benefit assessments. The overall accuracy using the
PS-MTG algorithm is 7.26%, and for the FIX algorithm, it is
7.95%, with a slight advantage in overall user benefit accuracy
for the PS-MTG algorithm.

The total gains of the considered algorithms are shown in
Fig. 5. We can observe that PS-MTG consistently achieves
substantial gains overall. In comparison to the FIX algorithm,
the PS-MTG algorithm lags slightly by 2.48% at time period
14, but outperforms the FIX algorithm in all other time peri-
ods, resulting in an overall improvement of 9.13%. Conversely,
the FULL algorithm exhibits the poorest performance.

Additionally, we also compare the refusal rate of sliced
services of the considered schemes, as shown in Fig. 6. In
order to demonstrate the effectiveness of the algorithm, we
overload services, which leads to a higher rejection ratio.
Notably, PS-MTG has the lowest service rejection ratio, while
the FULL algorithm exhibits a consistently high rejection ratio.
The FIX algorithm, on the other hand, displays a fluctuating
service rejection ratio, reaching up to 23%.

V. CONCLUSION

This paper focuses on slice resource provisioning in a multi-
tenant FlexE-over-WDM network that maximizes profits while

taking prediction uncertainty into account. Our approach in-
volves modeling the multi-tenancy FlexE-over-WDM network,
taking into account the profit generated by different roles.
Specifically, we address the uncertainty in traffic prediction,
analyze its impact, and formulate the problem of maximizing
slice profits. To address this challenge, we introduce a profit-
aware resource provisioning algorithm, comprising a precheck
algorithm and a matching gaming algorithm. Simulation re-
sults demonstrate that the proposed algorithm outperforms
benchmark methods in terms of user profit, total benefit, and
service refusal ratio.
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