An Online Approach for DNN Model Caching and
Processor Allocation in Edge Computing

Zhiqi Chen', Sheng Zhang®, Zhi Ma', Shuai Zhang', Zhuzhong Qian’, Mingjun Xiao%, Jie Wu?, Sanglu Luf
fState Key Lab. for Novel Software Technology, Nanjing University, PR. China
§School of Computer Science and Technology, University of Science and Technology of China, PR. China
Center for Networked Computing, Temple University
Email: sheng@nju.edu.cn

Abstract—Edge computing is a new computing paradigm rising
gradually in recent years. Applications, such as object detection,
virtual reality and intelligent cameras, often leverage Deep
Neural Networks (DNN) inference technology. The traditional
paradigm of DNN inference based on cloud suffers from high
delay because of the limited bandwidth. From the perspective
of service providers, caching DNN models on the edge brings
several benefits, such as efficiency, privacy, security, etc.. The
problem we concerned in this paper is how to decide the cached
models and how to allocate processors of edge servers to reduce
the overall system cost. To solve it, we model and study the DNN
Model Caching and Processor Allocation (DMCPA) problem,
which considers user-perceived delay and energy consumption
with limited edge resources. We model it as an integer nonlinear
programming (INLP) problem, and prove its NP-Completeness.
Since it is considered as a long-term average optimization
problem, we leverage the Lyapunov framework to develop a
novel online algorithm DMCPA-GS-Online with Gibbs Sampling.
We give the theoretical analysis to prove that our algorithm is
near-optimal. In experiments, we study the performance of our
algorithm and compare it with other baselines. The simulation
results with the trace dataset from real world demonstrate the
effectiveness and adaptiveness of our algorithm.

Index Terms—Edge Computing, DNN Model Caching, Prox-
imity Inferences, Gibbs Sampling, Lyapunov Optimization

I. INTRODUCTION

The rapid development of 5G and Artificial Intelligence
(AI) in recent years [1], [2] result in the emergence of a
large number of smart applications and smart devices, making
people’s lives more convenient and intelligent. Therefore, how
to support the smart life of users with better Quality of Service
(QoS) [3] has attracted more and more attention from service
providers, for example, Virtual Reality (VR), intelligent cam-
eras and so on. These applications need to transfer a large
amount of data between user-side and cloud-side inevitably,
which overwhelms the core network and causes congestion and
blockages in it [4]. Fortunately, service providers have realized
that the traditional cloud computing paradigm is falling behind
modern applications and find the new network computing
paradigm, which is called Edge Computing (EC) [5], [6].

Edge computing can effectively enhance the QoS at the net-
work edge. An edge server can be regarded as a cloudlet with
limited storage and computation ability, which is equipped
with CPU, GPU or other computing or processing devices
for deep learning inference tasks. We are able to deploy
DNN models on edge servers for users to conduct “proximity
inferences” [7] in virtue of the following advantages of EC:
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(1) Edge servers are located at the network edge, which
means they are close enough to users to reduce the raw data
transmission consumption during the DNN inference process.
(2) DNN inference requests from users often comprise local
geographic characteristics, such as similar inference tasks [8],
so deploying a portion of deep models which are hotspots
on edge servers in different locations can efficiently reduce
communication delay and avoid excessive model deployment
cost on the edge servers. (3) Users need to submit large
amounts of input data to deep models for inference, however
the bandwidth of the core network is usually insufficient to
handle the excessive transmission demand generated from the
edge. In EC paradigm [9], the data transmission demand
is greatly reduced because most of them are handled by
edge servers, immensely relieving the transmission pressure
of the core network. (4) Edge computing permits to conduct
inference on nearby servers rather than transmit sensitive data
to the remote cloud, and protects user privacy effectively [10].

Since the storage and computation resources of the remote
cloud can be infinite in most cases, we can assume that the
cloud prepares all the deep models in advance that may be
requested by users, while edge servers are limited by resources
and can only undertake a subset of all these deep models.
Moreover, a user usually connects to one edge server with
requests to a specified deep model. If the requested deep model
is deployed on the connected edge server coincidentally, the
network transmission delay between the user device and the
cloud is completely eliminated, which is called “edge-hit”. As
shown in the above, QoS experience will reach the best if the
edge server is powerful and voluminous enough to accom-
modate all deep models which may be requested. However,
edge servers are usually provided with limited storage and
computation resources, and service providers are limited by
service costs and cannot extend the service abilities of services
infinitely. So it is not possible to cache all the deep models
on edge servers, but only a subset of them can be selected for
deployment limitedly, which brings a conflict between QoS
experience and edge capacity. More specifically, an edge server
can be equipped with several DNN processors and each one
has provisioning cost and maintaining cost that the service
provider needs to consider. Consequently, it brings us the first
challenge: Which and how many DNN processors need to
equip on each edge server, making the cost of provisioning and
maintaining DNN processor hardwares by the service provider
as little as possible. Another problem is that the computation



and storage capacity of DNN processor is often described by
its floating-point computation power flops and memory size,
which means the number of DNN models that can be deployed
on a DNN processor is limited, while the coming user request
follows a certain distribution. The fact brings us the second
challenge: How to cache the DNN Model based on the known
distribution of user requests to minimize the overall cost of
user QoS-aware delay violations.
The main contributions of this paper are as follows.

o We consider the DNN Model Caching and Processor Al-
location problem in EC environments. The edge resources
are assumed limited while the cloud is nearly unlimited
but constrained by bandwidth. Besides, the characteristics
of user request distribution (or user mobility) are consid-
ered for optimization.

o Under the constraints of DNN model inference delay,
we formulate the problem with the purpose of reducing
user perception delay and energy consumption cost with
careful model caching and processor allocation strategy.
The problem is an Integer Nonlinear Program (INLP) ,
which is proved to be NP(Non-deterministic Polynomial)-
Complete.

e« We propose a novel online algorithm called DMCPA-
GS-Online, which can efficiently cache models and al-
locate processors in an online manner without future
information. DMCPA-GS-Online leverages the Lyapunov
framework to transform the origin problem into a series
of time-stepping subproblems. These subproblems can
be solved by an extended version of Gibbs Sampling
Algorithm, which is proved to be near-optimal.

o« We evaluate the performance of DMCPA-GS-Online
through a trace dataset from the real world practically and
extensively. The results demonstrate that our proposed
algorithm outperforms other baselines.

The rest of this paper is organized as follows. Section II
reviews related works. Section III gives the formulation of
our problem. Section IV introduces our proposed algorithm
DMCPA-GS-Online and gives theoretical analysis. We evalu-
ate our model and algorithm in Section V. Finally, Section VI
concludes this paper.

II. RELATED WORK

In recent years, edge computing is attracting more and
more attentions in network field. With the breakthrough and
development of deep learning [11], artificial intelligence ap-
plications are developing rapidly. The massive amount of data
generated by deep learning needs to be processed at the edge
in a timely manner [12]. Some works investigate decouple
deep structure [13]-[15] with dividing a complex network
into multiple parts and deploying them on cloud and edge
servers respectively, but it will inevitably bring additional
network transmission overhead. Another way considers deep
compressive offloading to speed neural network inference by
trading edge computation for network latency [16]. Different
from these works, our work focus on caching deep learning-

based intelligent services to the edge network to enhance the
user experience of services at the edge.

Since DNN model can be viewed as service, there has been
many works considering service placement in edge computing
[17]-[26]. For example, in [18], the authors consider how
to deploy collaborative edge applications to achieve the best
overall system performance. In [19], a heterogeneous MEC
(Mobile Edge Computing) system is considered and it focuses
on the problem of placing multiple services in the system to
maximize the total reward. The problem of jointly optimizing
access network selection and service placement for MEC is
investigated with the aim of improving QoS by balancing ac-
cess, switching and communication delays [20]. The problem
of joint optimization of service placement and request routing
in MEC-enabled multicell networks with multidimensional
(storage-compute-communication) constraints is investigated
[22], [23]. However, these works have no specific analysis
for DNN tasks, and the impact of input data on network
transmission and inference delay is not fully considered, which
causes insufficient modeling.

In addition, the uncertainty of users has brought a series
of studies on dynamic edge computing environments [27]-
[30]. In [27], the authors consider the user request admission
problem and use data mining and machine learning technology
to estimate the user historical trajectory. However, it will
inevitably bring estimation error and affect the system per-
formance. In our work, we solve the user uncertainty without
future information in an online manner. The dynamic service
caching and task offloading problem [28] in a 5G-enabled
MEC with varying user demand and processing delay is
investigated [29], and an online learning algorithm is proposed
for the problem using multi-armed bandit (MAB) technique.
In [30], the performance optimization problem of mobile edge
services under long-term cost budget constraints is inves-
tigated, and the Lyapunov optimization method is applied.
Compared with our work, it only considers the migration of
services between edge servers, while neglects the power of
service with cloud-edge collaboration.

III. PROBLEM

In this section, we first introduce our DNN Model Caching
and Processor Allocation problem with “edge-hit” and “cloud-
hit”. Then we explain our overall system model with the
definition of user perception delay. Our goal is to minimize
the overall system cost of delays and energy with constraint
edge server capacities.

A. Overview

We consider such a caching scenario in edge as shown
in Fig. 1. Base stations (BSs) are located in the area where
DNN inference requests from users are raised in an online
manner. Each BS is equipped with an edge server that provides
computation and storage capacity. Besides, these edge servers
are equipped with multiple processors with DNN computation
ability for inference. These BSs only serve users in edge
regions that they cover, where the edge region means the
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Fig. 1.
area that all user requests from which can be handled by
the edge. To simplify, users prefer to access the BS with
lower delay and better signal quality if they are in an overlap
among several edge regions. Each BS is connected to the cloud
server via the backbone network. Since edge servers have no
enough computation and storage capacity to cache all kinds
of DNN models, a user request will encounter two caching hit
conditions: Edge-Hit and Cloud-Hit, which is determined by
the case that the model is cached or not.

An overview of our problem.

o Edge-Hit: When a user sends a DNN inference request to
the nearest BS and the requested DNN model is already
cached on the edge server, the request can be directly
processed by the DNN model on the edge server. The
inference result can be quickly returned to the user.
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o Cloud-Hit: If the request arrives at the BS but the edge
server does not cache the target DNN model, it will be
forwarded to the cloud server, resulting in the edge-cloud
data transmission delay depending on the user data size.
Once the cloud server finishes the DNN inference task
and returns to the edge, the edge forwards the result to
the user with the cloud-edge downlink delay.

Cloud Server

downlink
uplink

Obviously, Edge-Hit entails less transmission delay than
Cloud-Hit. However, it demands more caching cost of DNN
models provided by the edge server. How to achieve a good
trade-off between QoS experience and DNN caching cost is
one of our study goal.

B. The Model and Notations

We first denote the set of edge servers located in the fixed
area as S, where S; € S represents the i-th edge server and
the total size is Ng. The set of users is denoted as U, where
Ui € U represents the k-th user and the total size is IV,.
Meanwhile, M represents the set of all deep models, where

TABLE I
KEY NOTATIONS FOR DMCPA PROBLEM

Notation Definition

= (S,U,M) [ The overall set G for DMCPA problem.
S The set of edge servers, where S; € S and [S] =
U The set of users, where Uy, € U and [U] =
M The set of models, where M; € M and [M] =

A binary indicator, whether DNN model M; is

i ;(t) € {0,1} cached on edge server S; at time slot t.

An integer indicator, which indicates the number of

vi,;(t) €Z processors allocated for Model M by edge server S;
at time slot ¢.
; The input data size uploaded by user U for DNN
dznp ut inference, which obeys a certain distribution at time
slot ¢.
] The inference computing workload of user Uy,
cznpm(t) c;c"p“t t) = Hd;cnp"t (t), where 0 is a constant
that indicates the computation workload per bit.
The distribution that the user U}, attached to
Py (t)

the edge server .S; at time slot ¢.

D; The maximum inference delay model U; are expected.

The resource vector of M that occupies on edge

Wi server.
The energy consumed by a single processor
i for model M; on edge server S;.
] The initialization cost for DNN Model M caused
aj by loading models on edge servers.
,cloud The propagation delay of the cloud server to return
the inference results.
B The inference computing ability of a single processor
Ci.j for model M; on edge server S;.
] The maximum number of processors that can be
Pi provided by server .S;.
W The maximum resource vector of edge server .S;
g can provide.
Lyes The BS access delay of user U to edge server .S;.
Beloud The bandwidth between edge server S; and
i the cloud server.

M; € M represents the j-th type of deep models and the
total size is IV,,,. These can be represented by the overall set
G = (S,U,M).

We believe that the distribution of user connection to edge
servers deserves consideration. We use P ;(t) to indicate the
probability of a user Uy, attached to edge server S; at time
slot t. The reasons behind are as follows [31]: (1) service
providers can easily estimate user probabilities by statistics
on edge servers; (2) user requests usually follow a certain
geographic and time pattern, which can be captured as constant
in one time slot; (3) the expectation of the cost under a certain
policy can be calculated and we can optimize it to reduce the
overall cost based on the distribution.

B¢leud denotes the bandwidth from edge server S; to the

1 d dlnput
cloud server. Lc oudt _ Sereza denotes the transmission delay

of the DNN 1nput of user U}, submitted to S; and sent from S;
to reach the cloud. L% denotes the downlink delay of the
inference result returned by the cloud, which we consider as
a constant because the result size of DNN inference is usually
small enough. D; denotes the maximum inference delay model
M can guarantee.

Here ¢; ; denotes the inference computation ability provided
by a single DNN processor on edge server S; for model
M;. We use ¢, = 0d;"""" to denote the computation




workload by user Uy, where 6 is a constant that indicates
the computation requirement per bit.

As for the decision variables, we use the binary indicator
x;,;(t) € {0,1} to indicate whether the model M is cached
on edge server S; at time slot ¢ as our cache decision vector.
When z; ;(t) = 1, it means that DNN model A; is cached
on S; and vice versa. We use the integer indicator y; ;(t) € N
to indicate the number of DNN processors on edge server S;
as the processor allocation vector. The maximum number of
processors that edge server S; can provide is denoted as ¢;.

C. User Perception Delay

User perception delay consists of three parts: server access
delay, network transmission delay and model inference delay.

o Server Access Delay: It represents the delay from the
submission of user U, DNN inference request to the edge
server S;, which is denoted by Lg% [27].

o Network Transmission Delay: If model M; is cached
on the edge server S;, network transmission delay is
considered as 0; otherwise it is calculated as L§'9"¢ =

+ Lcloudi,.
« Model Inference Delay: If model M; is cached on the
edge server, the model inference delay is related to the
number of processor deployment as de{qj = %,
if model M, is not cached, the model inference delay
depends on the inference delay of the cloud server,
which can be neglected (or represented as a constant for
generalization) since the cloud computation capacity is
viewed as nearly unlimited.

input
dy

L;lQudT + [ cloud) —
i

Beloud

According to the above definition, the user perception delay
of user U}, accessing server S; for requesting DNN model M
can be calculated as:

( )Ledqe (1)

Ly j(t) = L + (1= 2i () LIS + ki

D. The Formulation of Problem

With the distribution of Py ;(¢) , the expectation of model
average delay of model M; can be calculated as:

—Z > PriLiij(t). )

UkETUS €S

To achieve a good QoS experience, we consider that the
maximum inference delay D; that the model M; can guar-
antee. If the average delay exceeds D;, then QoS experience
will be degraded; otherwise it will not affect. Based on this
observation, we come up with the violation metric of model
delay as follows:

Tt) = Z max{L! (t) — D;,0} (3)

M;eM

Obviously, edge server S; is limited by the maximum
resource capacity, which can be described as:

< Wi, VS5 €5, “4)

> iyt

M;eM

where w; denotes the weight vector of resources required by
DNN model Mj, i.e., gflops, gpu memory. W; denotes the
maximum resource vector that edge server S; can provide.

Since deploying processors on each server requires the
additional deployment cost (pay-as-you-go model) [32], which
is usually related to the purchase cost of processors and
consumption cost to maintain, we do not wish to overpay
this deployment cost from the service provider’s point of
view. Therefore we use the following equation as part of our
optimization objective:

Z Z €i,jYi,j +aj max{z; ;(t) — i ;(t —

S;eS M;eM

1),0%,

&)
where a; denotes the initialization cost for DNN Model M
caused by loading models from disks on edge servers. The cost
is considered in the case that z; ;(t) =1 and z; ;(t — 1) =0,
which means M is just deployed on S; at the time slot ¢. e; ;
denotes the energy consumed by a single processor for model
M; on edge server S;.

The entire problem, which is called DNN Model Caching
and Processor Allocation (DMCPA) problem, can be described
in formulation as follows, where « and 3 is the trade-off knob
between user perception delay and energy consumption:

0. 3
P AR TSI ©
st. Cp: T(t)=aTt)+ BTE(t), (7)
Ca: Y mij(t)w; <W;,VS; €5, (8)
M;eM
Cs: Y yiylt) < 61,98 €5, ©)
M,;eM
Cy - xi,j(t) S {0, 1},VS¢ S S,VMj e M, (10)
Cs : yi’j(t) e Z,NS; € S,VMj e M, an
Ce : min{yij( ) 0} <) <wij(), (12)
TIEI;O—ZE )] < D;j,VM; € M. (13)

Cy gives the definition of 7(¢) in Eq. 6. Cy ensures that
the sum of the model-consuming resources hosted on edge
server S; does not exceed the maximum resources that the
server can provide. C3 ensures that the number of processors
allocated to DNN services on server S; does not exceed the
total number of processors on S;. Cy and C5 ensure that
the final solution is feasible. Cg is based on the observation
that x; ;(t) = min{y; ;(¢),1} since allocating processors to
model which is not cached is unreasonable. C; ensures the
average user perception delay should not exceed the maximum
toleration delay D; required by M;.

E. The Complexity Analysis of DMCPA Problem

When focusing on the one step optimization target 7 (t)
without considering the long-term average target, it is an
Integer Nonlinear Programming problem (INLP). We prove



that Knapsack Problem can be reduced to a special case of
DMCPA problem:

Theorem 1. Knapsack problem <p DMCPA problem.

Proof. First we fix all the variables of y(¢) of DMCPA
problem. Thus the objective value is only related to x(t).
For the objective part, the original nonlinear function can

be transformed into the linear function by assigning 5 = 0,
D, =0, Pki(t) =1, Lacp =0, cij = 00 and Leclouwdd — .

dznput
Then we have the optimization target max ), Gk BC,,W,xZ j

with constraints ZMjeM x; ;(t)w; < W and x; ;(t) € {0,1}.
It is a Multiple Knapsack Problem (MKP), which can be
reduced to Knapsack Problem as proved widely [33]. So
we come to the conclusion: Knapsack Problem <p DMCPA
problem. O

Lemma 2. DMCPA problem belongs to NP-Complete.

Proof. Firstly we prove that DMCPA problem belongs to NP.
The decision version of DMCPA problem can be verified in
polynomial time, so DMCPA problem belongs to NP. Since
Knapsack problem belongs to NP-Complete and DMCPA
problem is harder than Knapsack Problem, DMCPA problem
belongs to NP-Complete. O

IV. ALGORITHM

In this section, we introduce the optimization algorithm
of DMCPA problem. The long-term model delay tolerance
constraint in PY makes it difficult to solve with an online
schema. So we leverage the Lyapunov technique [34] by
transforming the original time-exception problem into a series
of minimization problems in one time slot. Then, we propose
an online algorithm regardless of global information in future
by solving a subproblem with Gibbs Sampling.

A. Problem Transformation by Lyapunov

In the original problem P, we have no knowledge of the
arrival of user requests, such as c,"”"', making it difficult
to guarantee the user delay constraint inevitably. Fortunately,
we can construct virtual queues using Lyapunov optimization,
which can depict the impact of this stochastic constraint for
solving this problem. These queues hold the residual of the
delay constraints for the current time slot. Our goal is to
keep the queues stable as much as possible while optimizing
the long-term objective. And for each model M, there is a
corresponding queue @;(t) with an initial value of 0:

Q;j(t+1) = max{Q;(t) + L} () —

@, (t) portrays the j-th queue’s backlog for the ¢-th time
slot. In fact, the ¢ + 1-th queue is derived by the ¢-th queue
and its arrival/departure increments of the current time slot.

From the above equation, it follows that:

Qi(t+1) > Q;(t)+ L (t) — D;

L7 (1) Q;(1)

Dj, 0} (14)

15)

- D; <Qj(t+1)— (16)

T—1
ZLf(t) D; <Q;(T) - Q;(0) =Q4(T)  (17)
t=0

Recall C7 in PO, we can use Eq. 18 to convert it to the
following new constraint:

_ E[Q;(T)]
7 RSl

dm =g <0 19

So we have the new problem P!:

L Tl
L i lim — Y E 2

Pl AmT L BTel o
s.t. (Cl) — (Cs), 21

. E[Q;(T)]
C7: Tlgnoo + < O,VM]' € M. (22)

Let O(t) = [Q1(t), - - ,QNM( )]. We define the quadratic
Lyapunov function: L(©(t)) = 5 Z Q;(t)? firstly. Then, we
can use A(O(t)) = L(O(t + 1)) — L(O(t)) to present the
increment of all queues’ backlog, which is called Lyapunov
drift. Using Lyapunov drift, we have the drift-plus-penalty
algorithm in Lyapunov optimization.

Theorem 3. For the possible values of Q;(t) in all time slots,
we have the following stable statement:

A©OF) <B+Y QLI (1) -Dy), (23
J
where B = % Zj (L}D(t) — D;)? is a constant value.

Proof. According to Eq. 14, the following inequality holds:

Q;(t+1)% < (Q;(t) + L7 (t) — D;)*. 24)
So we have the following conclusion by accumulation:
Z Qs(t+1)7 Z Qi (1)

(25)

As a result, the above theorem is proved. O

After introducing Lyapunov queues, we can optimize with-
out breaking the convention that the current time slot needs to
follow, which means the control queue remains stable.

min E[A©O®) +V - T(1)|6(¢)]

: 27
Vt,z(t),y(t) ( )



s.t. (C1) — (Cs), (28)

. E[Q;(T)]
Cr . TIEI;O]T <0,VM; € M. 29)

Recall Eq. 23, the new problem can be expressed as:
P3:  min E[B+V -T(t)+ (30)
Ve, (t),y(t)

Y Qi(t)(LT (1) — Dy)le(t)] 31
s.t. {Cy) - (06), 32)

- E[Q;(T)]
Cr: Tlg%oj? <0,VM; € M. (33)

B. The DMCPA-GS-Online Algorithm

We have the online algorithm for DMCPA problem as
shown in Alg. 1. First we initialize );(0) as zero. For each
time slot, we receive the user input dj"”"'(t) and current
distribution P from the EC environment. With Alg. 2, get the
optimal solution z*(t) and y*(t) by solving P? in the current
time slot. At the end of each iteration, update ); by Eq. 14.

Algorithm 1: The DMCPA-GS-Online Algorithm

Input: Q;(0) < 0,2P"¢"(0) <~ 0

fort =01t T do

receive dj"""!(t) from environment;
update current distribution P from environment;
get x*(t), y*(t) by solving P3 using Alg. 2;
aPrev(t + 1) — z*(t);
for M; € M do

‘ Qj(t + 1) — max{Qj(t) + Lf(t) — Dj,O};
end

end

Theorem 4. The time average penalty (optimization goal) of
DMCPA-GS-Online is O(35).

Proof. According to Eq. 26 and the fact that z*(¢), y*(t) is
the optimal value of P3, we have:

AO®)+V Tt <B+V-Tt)+ > Q;(t)
:B+VT(dL7Lput( )
+ZQJ

; 34
where di"PUl(t) = [d"PUN(t), - dGPY(E)]. So we have(thg
following expectation result:

E[AO®) +V-T®)|O)
SE[B+V - T(dm (1), 2" (1), y"(1))

+ ZQJ £) (L (dMP(t), 27 (t),y* (1)) — D;)]

= B + V -E[T(d"PU(t), z* (1), y* ()] +
ZE[Qj(t)IG(t)]E[Lf (d™P (L), 2 (1), y* (1)) — Dy]

J
<B+V.-T%,

z* (1), y" (1))
LP dtnput(t) l’*(t)7y*(f)) _Dj)

(35)

COOET ().

s 1
where 7% = min(limy o0 7 ),

L7 (t) - Dy)

Accumulate the above equation on all time slots, we have:

T

(B+V-TT > i E[A(O(t) +V - T(1)|0(t)] =
t=0

E[L(O(T)] +V - > E[T(t)|O(t)] >V - Tzlmrrt ot
t= t=0 36)
Therefore, we can draw the final conclusion:
1= B
Jim o ; E[TOIOMI =T + 5 (37)

As long as V' is set large enough, the solution obtained by
executing the drift-plus-penalty algorithm can approach the
optimization goal 7* of P!, which obeys O(7). O

Theorem 5. Using DMCPA-GS-Online, all queues keep mean
rate stable and the constraint C in P2 can be neglected.
In other words, the long-term optimization problem can be
addressed by solving a series of subproblems P> without C+
in each time slot.

Proof. YM; € M, suppose we have the solution x(t),y(t)

which is not optimal satisfied:
Je > 0,E[L(d™P (), z*(t),y*(t)) — D;] < —e.  (38)

Let denote 7,.i, and Tmae which satisfies Tuin <
T(dPut(t), z(t), y(t)) < Tmaxz» sO wWe have the conclusion,
where B = B+ V(Tmaz — Tonin):

A1) +V - T(t) < B+ V- T(d""(t),z" (), y"(t))
+ZQ3 £) (L (P (1), 2" (1), y* (1)) — Dy)

(39)
A(Q( ))+VTmln §B+VTmaz
+ ZQJ )(LE (dmPet(t), 2% (1), y*(£)) — D;) 40
IEI[A(@( N4V Toin <B+V - Tras
+ ZE[Qj(t)\Q(t)]E[(Lf (d™P(t), 2 (1), y* (1)) an

—D)I<B+V - Tax — GZE[Qj(t)\@(t)]
E[L(O(t+1))]-E[L(©(#))] < BJ—EZE[Qj(tN@(t)] (42)

BILO(T)] < B -T-cY Y EQ,0eM] <5 T

t=0 j

(43)
Recall the definition of Lyapunov function that L(O(t)) =
%Zij(t) we have 72 E[QJ( ) ]<B T
According to Cauchy Inequahty 351 (3, zivi)? <
(Zi w?)(Zz yf), we have:

(Q_EIQ;(T)]) <NmZE

| <2N,,B -T. (44)



Square on both sides and the limit is taken:

Zj E[Q](I )} 2NmB/
lim lim H 0 ( 5)

Note the fact that Q;(¢) > 0, so we come to the conclusion

that E[Q, (T)
. j _ _

Th_r}noo T 0,VM; € M. (46)

Therefore we can ignore C7 in P3 and solve it directly using

the DMCPA-GS algorithm and the theorem is proved. O

Lemma 6. The time average queue size of DMCPA-GS-Online
is O(V), determining convergence speed of queues’ backlog.

Proof. As for the time average queue size of DMCPA-GS-
Online, recall Eq. 43 and we find:

1 T-1 B
7 2 2 ElQ;(e()] < —- ~E[LO(T))]

=0 (47)

IA

€

Since E[L(O(T))] > 0. Note V is the only changeable
parameter which determines the size of queues’ backlog and
convergence speed. So the lemma is proved. O

Consequently, how to solve P becomes the key of our
online problem, which will be discussed in the following.
It belongs to NP-Hard as well. Therefore, a novel algorithm
based on Gibbs Sampling is considered to solve it.

C. The DMCPA-GS Algorithm for P>

The proposed algorithm DMCPA-GS based on Gibbs Sam-
pling [36], [37] for P3 is shown in Alg. 2. First initialize
y randomly each time. Then compute the optimal caching
strategy x based on y, and the optimal target value T'(z,y)
which can be abbreviated as 7. Suppose there is another
feasible tuple (2", y) and the optimal value is T'(z, '), which
is abbreviated as 7". Then we can establish the following
conditional migration probability from (z,y) to (z',y):

1

1+ eT-1)/w’

where w > 0 as a control parameter. In the sampling process
of DMCPA-GS, it is necessary to determine the neighbor state
for sampling. In Alg. 2, M empty sets are first initialized.
Then each time ¢; processors on the server are assigned to
these M sets with a random number. The assigned quantity
of a set can be 0. In this way, the search of neighbor state
will become very random, and it is easy to jump out even if
it falls into local optimization. Therefore, it performs well in
searching the optimal solution in global.

In the following, we demonstrate the convergence of
DMCPA-GS using Thm. 7.

Pr(y |y) = (48)

Theorem 7. With the decrease of w, the probability of con-
vergence to global optimal solution increases gradually. In
particular, the algorithm converges to the global optimal value
with a probability of close to 1 when w — 0.

Algorithm 2: The DMCPA-GS Algorithm for One
Time Slot Problem P3

Input: w, N,y°, 2(t — 1), method

Result: x(t),y(t), T(t)

ycur — yO;

1, ify™r>1
0, 0.W. ’
TC’M’I‘ % T(:I;CUT7 ycur);
for S; €S do
/* N is the max iteration times. x/
for n =11 N do
repeat
J + RandomInt(0, M);
flip a coin with fair probability;
if the coin comes up with heads then
v
yﬁ;” + Rand(0, ¢; — Zj' yi,j’);

xC’LLT‘ <_

else

| ystt = sttt — Rand(0, i 5);
end
until 4% is feasible;
1’ if ynert Z 1 .

0, o0.w. ’
Tnewt — T(:L.ne:z:t ynext).
1 .

flip a coin with probability p; of heads;
if the coin comes up with heads then

‘ ycur — ynezt. Teur — Tnea:t.
end

xnext —

end

end
return xcur7 yCUT" TCUT‘ ,.

Proof. For each server S;, suppose the overall decision space
of processor allocation is Y = {y1, -,y }. In DMCPA-
GS, the DNN model y; is selected in each iteration and
the decision space of y; is a ¢-dimension Markov Chain,
where each dimension represents the number of processors
are deployed on S; for the model y;. For the convenience of
the following description, we only consider two DNN models,
whose decision space is Y = {y1, y2}. During each iteration,
due to the random selection of y; jumping from the current
allocation strategy to another, we have:

e~ T{y1 w2 })/w

P /7 5 = 7
vl ved) = e e

e~T{v1.v2))/w

{y1.v21)/w 4 e=T{y1,y2}) /@
(49

Pr({y1, ya}{y1,2}) = o—T

We denote 7({y1,y2}) as the stable probability distribution
of the allocation strategies {y1, y2}. According to the smooth
distribution property of Markov Chain, we have

7({y1, y2}) Pr({yy, 2 {1, 92})

/1 i (50)
=7({y1, v2}) Pr({y1, v2} {1, v2 1)
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Fig. 4. The impact of Lyapunov parameters.

Substitute into Eq. 49 and we have
e~ Ty v /w

e~ Ty D)/w 4 e=T({y1y2})/w
e~ T{y1,y2})/w

e~ Ty wa)/w 4 e=T{y1,y2}) /w

m({y1,92}) x
61y

= 7({y1,y2}) X

According to the symmetry, we find that the equation holds
when 7({y1,12}) = ye TU¥1¥21)/ where v is a constant.
Let @ is the decision space of the processor allocation and
2 {yryered T({y1,92}) = 1 holds, the stable probability
distribution of m({y1,y2}) meets:

e~ T{y1,y2})/w
S s e T
1
(T({y1,y2})-T({v1,92})) /w

T({y1,y2}) =
(52)

Z{ya,ya}ecb €

Then for the global optimal strategy {yi, 3}, it is natural
to have T({y7,v3}) < T({t1,y2}) by the definition of
optimality. Thus, we have 7({y},y5}) — 1 whenw — 0. O

V. EVALUATION

In this section, we perform a series of experiments to verify
the effectiveness of our algorithm.

A. Evaluation Settings

We set up a typical edge computing scenario where there
are 5 edge servers, and for each edge server, a total of 10
types of DNN models can be deployed to these servers. We
assume that there will be at least 200 users existing in this
edge computing scenario and submitting tasks to the edge
servers for “proximity inference”. For the maximum inference
delay model M; is expected, D; is set as 40 ms. As for the
probability P, we assume that it follows the trace of a dataset
from the real world. L,.. refers to the delay from each user
to the nearest BS, which we consider to be 5 ms. The input
data size of user d;"™" follows the Poisson distribution with an
expectation of 100 mb and the ratio of computing consumption
for one bit 4 is 100. The bandwidth from the edge server to the
cloud, which we consider to be 1000 mb/s in stability, and the
delay to return the processing results from the cloud is about
100 ms. c¢; ; is the inference computing ability of a single
processor on edge server .S; for model M) and is assumed to
be about 500 cycles/ms. In addition, we use ¢; to indicate the

maximum number of processors that can be provided by server
S;, which is set as 20. W; is the upper bound of the total size
of DNN models that edge server .S; can handle, which is set
as 300. In the meanwhile, the value of w; follows the uniform
distribution with expectation about 10 and variance about 3.
As for the values of a and 3, they can be determined by the
service providers’ preference, we set both to 0.5 by default.

B. Motivation Validation

As shown in Fig. 4(a), we study the variation of P collected
from the dataset. One of our observations is that the value of
P is more stable when the observation time span is longer. The
horizontal axes of the two subgraphs depict the change ranges
in hours and days respectively. The vertical axes depict the
distribution of the change range. We can see that the cases
with small change between days is more intensive by the
comparison of the two subgraphs.

C. The Impact of Lyapunov Parameters

1) The Trade-off by Tuning V : Fig. 4(b) shows the role of
the parameter V' in DMCPA-GS-Online algorithm. We can find
that after many iterations, the final algorithm will converge to
a fixed value, which is controlled by V. When V is larger, the
convergence speed of the algorithm is O(V'), so it needs more
iteration rounds to converge, and the corresponding solution is
closer to that of the original problem. On the contrary, when
V' is smaller, the algorithm converges faster and the delay
constraint keeps more stable.

2) The Impact of the Model Delay Constraint D;: Fig. 4(c)
shows the convergence of the long-term optimization target
T with different settings of D,;. For this purpose, we set
three different values 30, 40 and 50 as D;. We find that the
convergence value of 7T is related to D;. With the smaller
the value of D, the tolerable inference delay is smaller, which
results in the higher the delay penalty, and so the larger 7.
On the contrary, the greater the value of D;, the delay penalty
is smaller, even reaching 0 if D; is large enough.

D. The Impact of Problem Scale for DMCPA-GS

In this part, we validate the convergence of DMCPA-GS
and then explore the effect of different problem scales on the
convergence speed.

In Theorem. 7, DMCPA-GS Algorithm converges to the
optimal value with probability close to 1 as w — 0. Therefore,
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we investigate the effect of different values of w on the
convergence in this experiment part. As shown in Fig. 5(a),
we can find that as the number of iterations increases, the
objective value is approaching the optimal value. And the
smaller w brings faster convergence speed. In other words,
it takes less iterations times to converge to the optimal value.
We also note that if w is small, the convergence speed may
be different, but eventually will converge to the optimal value.
However, if w is too large (greater than 1), the algorithm will
be too difficult to converge, which means the objective value
will oscillate continuously. Therefore we verify the correctness
of the theorem.

By setting different values for the number of users, we
can see from Fig. 5(a) that different convergence curves are
obtained by setting w to 200, 400, 600 and 800 respectively.
The default value of w is 0.001. When the number of users
increases, we can see that it takes more iteration times to
converge relatively. However, since Gibbs Sampling algorithm
belongs to random algorithms, the initial state and random
neighborhood state selection will affect the convergence proce-
dure with a certain probability of faster or slower convergence.
Different convergence trajectories are obtained for each run,
and only a certain run of the convergence procedure is shown
in Fig. 5(b). Based on a similar method of experimental setting,
we design experiments with different number of types of DNN
models, which are 5,10,15,20 respectively in Fig.5(c). In these
cases, the convergence of Gibbs Sampling algorithm with
iteration times is studied. We can see that with the scale of the
problem increases, the convergence speed will slow down, but
it will converge eventually. In practical scenarios, the setting
of the number of iteration times will affect the final results of
the algorithm, which includes the optimality of the solution
and the running time of the algorithm.

E. Comparision of Different Algorithms

Fig. 6 compares our proposed algorithm DMCPA-GS-
Online with three different baselines. These baseline algo-
rithms are described as follows:

e Cloud-Only: At each time, only consider forwarding
all DNN inference requests to cloud and edge does not
undertake any inference tasks.

o Edge-Average: Each time, each server selects as many
acceptable DNN models as possible, and evenly allocates
processors to these models.

+ Edge-Random: Each time, several DNN models are ran-
domly selected on each server and deployed on the edge
side, and the random number of processors is allocated.

From Fig. 6(a) and Fig. 6(b), we can see that DMCPA-
GS-Online is the best compared with the other three baseline
algorithms under different w settings. Cloud-Only performs
the worst due to its large transmission delay. Edge-Random
and Edge-Average perform almost the same, but worse than
DMCPA-GS-Online because they do not consider the differ-
ence in computing requirements of user request distribution.
From Fig. 6(c), we can see that with the increase of cloud-
edge bandwidth B¢°u?, the long-term optimization target 7~
also decreases. Specially, Cloud-Only is most affected by this
parameter, while other algorithms are less.

VI. CONCLUSION

Nowadays more and more applications leverage DNN
models for better service. In edge computing environments,
caching models on edge servers greatly enhances the user QoS
experience with benefits of efficiency, privacy, reliability and
security. In this paper, we consider the DNN Model Caching
and Processor Allocation (DMCPA) problem. Under limited
resources of edge and model guaranteed delays, our goal is to
minimize the user perception delay and energy consumption
with careful model caching and processor allocation strategy.
We formulate it as an Integer Nonlinear Program (INLP)
and proves its NP-Completeness. The novel online algorithm
DMCPA-GS-Online is proposed without future information
and the theoretical analysis is given. Experiments based on
trace dataset from the real world demonstrate our algorithm
outperforms other baselines.
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