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EneX: An Energy-Aware Execution Scheduler
for Serverless Computing

Seyed Hamed Rastegar

Abstraci—The emerging serverless computing paradigm
has recently attracted huge attention from both academia
and industry. It brings benefits, such as less opera-
tional complexity, high scalability and availability, and
lower costs. Serverless applications are usually partitioned
into several chains of functions. The serverless provider
should schedule functions for execution per customers’
requests considering their chained nature. Also, the exist-
ing scheduling mechanisms for serverless platforms pay
little attention to the reduction of energy consumption dur-
ing functions’ execution. To fill this gap, we present an
energy-aware execution scheduler for serverless service
providers named EneX. To do so, we formulate the mini-
mization of energy consumption for executing the incoming
chains of functions with specified computational loads and
deadlines. Due to the intractability of the problem, we intro-
duce a linear programming reformulation based on which,
we propose an online scheduler. Finally, our experiments
demonstrate the significant improvement of EneX in terms
of energy efficiency.

Index Terms—Chain of functions, cloud services, energy
consumption, function-as-a-service (FaaS), scheduling,
serverless computing.

[. INTRODUCTION

HE complexity of infrastructure management for cloud
T users and the emergence of function-as-a-service resulted
in introducing the concept of serverless computing [1]. Many
novel applications including cyber-physical systems [2], 6G [3],
and the Internet of Things (IoT) [4], can be implemented more
efficiently using the serverless approach. The importance of the
concept is such that it has been praised to become the face of
cloud computing in the near future [5]. Especially, serverless
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computing is considered as an enabling technology for Industry
4.0 [6], [7].

The aim of the serverless services is threefold which are given
as follows. 1) Relieve the users of cloud services from dealing
with the infrastructures or the platforms. 2) Convert the billing
model to the pay-as-you-go model. 3) Autoscale the service per
customers’ demand [8].

The biggest difference between the serverless paradigm with
other cloud services is that the customer is only concerned about
the code being run. The cloud takes care of how the code is run,
the necessary external libraries, and any performance and scal-
ability requirements automatically. The customer does not need
to manage the OS or the middle-ware nor do they need to install
and configure any execution runtime or software framework.
The customer is charged based on their actual resource usage
and not a time period, which is common in other cloud services.
It provides an autoscaling feature in which, when the traffic
changes over time, the number of resources allocated to that
service will change to adapt to handle surges. This latter feature
is essential for many IoT applications, especially that of Indus-
trial [oT where the system often must handle unpredictable very
rapid upheavals in resource-demanding surveillance or control
tasks [9]. It also has great impact on the scheduling schemes,
which we discuss later in this article. Instead of focusing on the
resource limitations, serverless schedulers focus on optimizing
other parameters that impact the performance of scheduling.

The basic entities in serverless computing are functions. The
customers register their functions in the service provider. Then,
those functions can be invoked either by an event or per the
customer’s request. The execution results are sent back to the
customer. The invocation of the functions is delegated to one
of the available computation nodes inside the service provider.
Usually, these nodes are cloud containers, such as Docker [10]
or an isolated runtime environment [11]. Serverless functions
usually have two common features: 1) rather than single function
invocation they are typically part of a chain of invocations and
2) apart from the computational load, each invocation has a firm
deadline beyond, which the returned results are ignored by the
application.

There are widely-used serverless applications in which func-
tions are invoked in chains and each of those functions has
its own deadline. Serverless machine learning pipelines, which
have gained traction during the past few years [12] can be
considered as one of those applications. For example, consider
a video surveillance system in which a deep neural network
inference model is utilized to identify moving objects. Serverless
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machine learning services are good candidates for such systems
as surveillance systems may experience burst of activity during
short periods and become idle otherwise [13]. The autoscaling
feature of serverless services can accommodate such scenarios.
It releases developers from deployment, resource management,
and scaling overheads [14], [15]. In a layered distributed in-
ference model of a serverless pipeline, the execution time of
each function impacts the timeliness of the whole system as the
functions in each layer should synchronize with each other [16].
Thus, the execution time of functions should be constrained
by deadlines. Another example of serverless applications with
the abovementioned criteria is multimedia stream processing.
In these applications, multimedia contents must be processed
before streaming to the viewer. A multimedia content is divided
into multiple subsequent parts that each one must be processed
within a specified deadline [17]. So, the design of any scheduler
for a serverless platform should take into account the chain of
functions with their corresponding deadlines, which have not
been well studied in the literature.

Many big technology companies now offer serverless com-
puting services with different specifications and prices. As the
popularity of serverless services increases, the number of service
providers and their options for pricing will grow. Several factors
affect the price offered by each provider. These factors range
from the company’s revenue strategy to the platform it uses,
maintenance costs and the energy prices. It has been shown that
the latter have the most impact on the service costs in cloud
computing environments [18]. Also, cloud infrastructures are re-
ported to consume a significant part of the total electricity world-
wide [19]. Therefore, the reduction of energy consumption not
only is important from the sustainable computing point of view
but also reduces the overall costs and, thus, increases the pricing
competitiveness of the service providers. Consequently, various
notable cloud service providers have considered the energy
efficiency as an important criteria in design and evolution of their
infrastructures. For example, Amazon has made a considerable
focus on energy efficiency by using different approaches, such
as chip design, scheduling methods, and renewable energy [20].
An important focus of Google has been on energy efficiency and
it has reported significant energy reduction by its data centers
in years [21]. Google has done it by carefully justifying the
temperature, employing sophisticated cooling systems, and effi-
cient design and management of its servers. Also, Microsoft has
employed four drivers of IT operational efficiency, IT equipment
efficiency, data center infrastructure efficiency, purchasing of
renewable energy, and reported considerable energy savings
resulted in its cloud computing infrastructure [22].

Various approaches have been proposed in the literature to
reduce the energy consumption of serverless services. Their
main idea is to put inactive containers or virtual machines in a
hibernate low-energy mode (called cold-state mode). The transi-
tion from cold-state to active mode incurs delays to the execution
of functions [5]. The delay may go beyond the deadlines defined
by the customer. Thus, in these approaches, the executions are
scheduled so that the number of such transitions minimizes [23],
[24]. While the current focus on minimizing the transitions
from cold to active mode (called warm state) is important to
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reduce the total energy consumption and, thus, lower costs,
those approaches do not consider energy minimization during
the active mode.

None of the previous researches on serverless scheduling
that we review in Section II, considers energy-aware serverless
execution scheduling inside providers. Therefore, in this article,
we design a scheduler for a serverless provider with the aim of
executing the incoming function invocations with predefined
deadlines while minimizing the energy consumption of the
system. It is worth emphasizing as a data center is composed
of different components, including cooling, lighting, servers,
and energy conversion, its energy consumption is due to the
energy used by these components [25]. However, as reported by
different studies around 15% of total energy consumption of a
data center is related to the processing part [26], from which
almost its half is consumed in the active mode. This part is the
focus of this research. To summarize, the main contributions of
this article are given as follows.

1) We consider the realistic scenario of minimizing en-
ergy consumption in a serverless computing environment
where function invocations are chained together each
having its own execution deadline and computational
requirement. To the best of authors knowledge, this work
is the first that addresses such an issue.

2) We mathematically model the abovementioned problem
and formulate it as an optimization problem.

3) To handle the problem, which is not tractable in its initial
form, we introduce a procedure to reformulate it as a linear
programming (LP) problem.

4) The LP-based reformulation however works in offline
mode and, thus, needs all the information of the incoming
tasks to the system in time. To overcome this challenge,
we design an online scheduling procedure that can very
well serve the incoming tasks in time and hence is more
practical for real-world scenarios.

5) We investigate the properties of the online solution in-
cluding time complexity and competitive ratio (CR) and
show that it is scalable and has attractive performance.

6) Through extensive evaluations and real-world experi-
ments, we show that our approach can achieve satisfactory
performance compared to other possible schemes.

The rest of this article is organized as follows. Section II
reviews background and related work. We explain the system
model and problem formulation in Section III. Section IV
presents the proposed solution. We evaluate the performance
of the proposed schemes in Section V. Finally, Section VI
concludes this article.

[I. BACKGROUND AND RELATED WORK

In this section, we provide an overview of related research
works. We first give a review on applications of serverless
computing. Then, we enumerate and explain several notable
works for scheduling in cloud and serverless computing. Finally,
we review the works considering energy efficiency in serverless
computing.
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Applications: The serverless computing paradigm has at-
tracted attention from both academia and industry. It brings
benefits, such as a pay-as-you-go pricing model, lower oper-
ational complexity, and the ability to autoscale. Although the
concept is relatively new, several urban and industrial man-
agement applications already started to migrate to serverless
services. These applications ranges from IoT [4] to smart waste
management [27], oil and gas field management [28], and smart
grids [29]. Other applications include connected vehicles [2],
farm management [30], optical networks [31], and diagnosing
the COVID-19 disease [32].

Cloud Scheduling: Scheduling tasks in a cloud environment
has been vastly investigated from different viewpoints [33], such
as deadline-constrained [34], energy-awareness [35], [36], and
QoS-awareness [37]. The proposed approaches are either heuris-
tic or analytical. In contrast to the cloud computing paradigm
that mainly offers infrastructure as a service (IaaS), serverless
computing attempts to deliver lightweight function as a ser-
vice. Also, we note that the IaaS concept in cloud computing
introduces considerable overhead when running a service by a
customer. In what follows, we discuss the works that mainly
focus on serverless computing.

Serverless Scheduling: In real-world scenarios, functions usu-
ally depend on some external data sources. The shipping of the
data from those sources to a distant computation node incurs
delay. It also increases the traffic inside the provider. As such,
some schedulers prioritize data locality in the scheduling. Cloud-
burst [38] is an example of such schedulers. Resource-aware
schedulers consider available resources of computation nodes in
their function assignments. For example, FnSched [39] proposes
a scheduling scheme that takes into account the resource usage
of functions. Their idea is to place functions alongside each
other in a way that the resource contention between colocated
functions minimizes. Available software packages and libraries
inside computation nodes are also important for reducing ex-
ecution delays in some of the existing serverless platforms,
such as OpenLambda [40]. This is mainly because the prepa-
ration and installation of those packages and libraries incur
minute-scale delays. The scheduler proposed in [41], handles
such a scenario. Xie et al. [42] considered offering service
in wireless edge networks using serverless computing. They
formulate a multiobjective optimization problem and propose a
deep reinforcement learning framework to solve it. Banaei and
Sharifi [43] introduced ETAS, a predictive scheduling scheme to
reduce response times of invocations besides increasing work-
ers’ throughputs and resource utilization. However, it does not
provide any analysis of the scheme. Furthermore, despite the
mentioned contributions, none of these works focus on the
important aspect of energy efficiency.

Energy-Aware Serverless Scheduling: As we discussed in
Section I, energy efficiency is a fundamental issue in cloud
and serverless computing. Thus, it is important for a server-
less scheduling scheme to be energy aware. The transition
from cold to warm state inside serverless providers incur or-
der of multisecond to minutes delays [5]. As such, the main
focus of previous energy-aware schedulers is to minimize such
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transitions. Suresh et al. [23] proposed ENSURE, which pre-
vents cold starts by proactively reserving a few additional con-
tainers in a warm state to smoothly handle workload variations.
Fifer [24] uses a similar approach i.e., it proactively spawns
containers to avoid cold starts. Vahidinia et al. [44] also tried to
mitigate the cold start phase using tools from machine learning.
We note that these works particularly study handling the cold
and warm state transitions and hardly go into many details of
scheduling the system in the active mode (i.e., warm state).
Different from these works, Aslanpour et al. [45] considered
a more general scenario of serverless edge computing in an
IoT network, and introduces energy-aware scheduling for it.
However, it considers no function chaining and also deadlines
for functions.

Ill. SYSTEM MODEL AND ARCHITECTURE

In this section, we first explain the system architecture. Then,
we introduce the scheduling problem in detail. Finally, the
mathematical problem formulation is presented.

A. Architecture

We consider the system architecture for the serverless
provider depicted in Fig. 1. EneX' (our proposed scheduler) can
be implemented as a standalone framework. It may act as a proxy
to existing services or it can directly be integrated into available
serverless platforms, such as OpenWhisk?. EneX depends on
two main modules to be able to schedule the execution of
invoked functions: a function profiler and a workflow analyzer.
The function profiler derives the deadlines associated with each
function to be executed. These deadlines either are declared by
the customer or can be stemmed by the profiler. The workflow an-
alyzer extracts function chains. The extraction can be performed
viadeclaring by the user or derived by the workflow analyzer. For
example, AWS Step Functions, Alibaba Serverless Workflow,
and Google Cloud Composer enable their users to declare the
function chains using DAG-structured® serverless workflows.
The workflow analyzer can derive chains based on analyzing
past execution logs. Finally, EneX which is the essential part
and is at the heart of this architecture determines how and when
to execute functions. Both the profiler and workflow analyzer
interface with EneX to make the scheduling decisions. It uses
the data gathered from the profiler and analyzer modules and
schedules the execution of functions inside each machine using
the proposed algorithm. In this regard, EneX interacts with
the invoker. The invoker executes the functions in turns for
specified time durations and with allocated resources according
to commands received from the EneX. Due to the critical role
of the scheduler, this article focuses on proposing energy-aware
scheduling for function executions.

'Energy-aware execution scheduler for serverless

2https://openwhisk.apache.org/

3Directed Acyclic Graphs (DAG) is usually used to show dependency between
jobs in scheduling algorithms.
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Fig. 1. Proposed energy-aware architecture for serverless providers.

B. Scheduling Problem

We consider a scenario in which a serverless service provider
is responsible for providing computing resources to the in-
coming function invocations of its customers. In this article,
we assume that the customers have previously registered their
functions in the system. Thus, the provider has granted them the
ability to invoke functions. The customers’ chained invocation
requests* arrive at the system continuously in time. In this
regard, upon arrival of each request, the scheduler allocates the
computational resources. The scheduler aims at minimizing the
amount of consumed energy for the computation of tasks while
conforming with the computational loads and deadlines.

Our proposed scheduler is based on two observations:
1) in real-world implementations, serverless functions are al-
most always chained together to form broader workflows, and
2) serverless functions usually have deadlines that are lengthier
than their execution time. Putting these two together, we in-
troduce a scheme that schedules the function execution within
chains such that the total CPU utilization minimizes.

We assume that at the beginning there are NV, tasks submitted
by different customers in the system. We note that a customer
might submit and execute multiple tasks to the system; thus,
more than one task out of the mentioned /V,, tasks might cor-
respond to a single customer. Thus, the scheduler first allocates
the computational resources to these tasks. Then, it schedules
the incoming tasks to the system over time. We denote the set of
functions corresponding to task u by T, = {f{*, f3', ..., f‘“Tu‘}
where the subscripts indicate the order of the functions in the
task. Each function has a predefined deadline for execution.
We show these deadlines with {d}, d3, ..., d|;. }, respectively.
Also, the computational loads of the functions are presented
by {C},CY, .. "C\UTHI}' We note that the deadline for each
function is imposed by the application related to the task, which
involves the function. In our model, we consider each task be a
linear chain of subsequent functions, which should be executed
sequentially in the order of their indices. Thus, executing ith
function of a task is the prerequisite for starting the execution of
function (¢ + 1). Table I summarizes the key notations used in
the paper.

We note that various application scenarios match our above-
mentioned assumption for each function in the chain to have its

4We refer to chained invocation requests as customers’ tasks for simplicity.
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____________________ i ‘oo
TABLE |
SUMMARY OF NOTATIONS
Notation Description
Ny Total number of tasks
T Set of functions of task u
£t ith function of task u
c Computational requirement of f*

d¥ Deadline of f*
Processing frequency devoted to task w at time instant ¢
Total processing frequency at time instant ¢

oj jth smallest member of set {dl-‘}w w (j>1),and og =0
Ny Total number of elements in set {d¥}, .

N; Set of all j € {1,..., Ng} such that d} | < o; < d'
y;-* Processing frequency allocated to task w in (oj_1,0;]
Y Total processing frequency in interval (oj_1,0;]

] Total number of elements in a set, i.e.,its cardinality

own individual deadline. We explained the video surveillance
and multimedia stream processing applications as examples of
such scenarios in the introduction. However, our formulation can
be employed to consider many other simpler cases including a
task just with a single deadline requirement.

In the following, we formulate the scheduling problem to
handle the initially available N,, tasks at the system. Then, in
Section IV, we design an optimal solution for this problem and
introduce an online procedure to schedule the incoming tasks to
the system.

C. Mathematical Problem Formulation

We define the processing frequency as c¢*(t), which is the
amount of momentary processing unit in cycle per second for
executing functions that belongs to task w at time instant .
Therefore, the total processing frequency of the system at time
instant ¢ is equal to

ey

Note that solving the scheduling problem is equivalent to deter-
mining the ¢*(¢)Vu, ¢, and, thus, they could be expressed as the
problem variables.

1) Constraints: As mentioned earlier, the function f;*, which
its computation can be started just after it is finished for f*
(i.e., at di" ), should be computed by time instant d; and its
computational requirement is C}* cycles. Thus, the following
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constraints must hold:

/d?
t=d}*,

in which we set dfy = 0. Therefore, by this constraint the chain
of functions of a task is taken into account.

2) Objective Function: Our objective is to minimize the en-
ergy consumption of the system. As pointed out earlier in
Section I, the energy consumption here is just due to the com-
puting components. The serverless processors are considered to
be only CPU-based and the formulations, analysis, and results
are accordingly. In this regard, we assume the serverless pro-
cessors employ the popular and widespread power management
technique of dynamic voltage and frequency scaling (DVES). In
DVFEFS, power consumption of a processor can be expressed in
terms of its frequency as «f3, where  is the average switched
capacitance per clock cycle [46]. We note that this relation is
widely employed to model the energy consumption of tasks,
executed using virtual machines [47], and applications [48], such
as containers as is the case in serverless computing. Therefore,
for our scenario where the frequency of the processor is ¢(t) at
time instant ¢ as stated in (1), the energy consumption in a very
small time interval of dt is equal to xc?(t)dt. Thus, we write the
objective function in the entire considered interval, as follows:

c(t)dt =Cy Yi,u )

dmax
/ w(0)dt 3)
0

where dinax = maxy; ,{d¥}. Therefore, the problem is formu-

lated as
dmax
/ ke (t)dt
0

Ny
subject to Z c(t) = e(t)

u=1

/dk
t=d},

0 S t S dIIlaX
c“(t),c(t) >0 Vu,t. 4)

minimize
c(t),{cu(t)}

c'(t)dt = Cy Yi,u

Discussion: In (4), we presented the optimization problem
for scheduling the customers’ tasks while minimizing the en-
ergy cost of the system. The variables of the problem, i.e.,
c"(t), c(t)Vu, and ¢ are continuous function in time. Also, the
objective function includes a nonlinear expression. These prop-
erties make the resulting optimization problem intractable in its
current form. Therefore, we should investigate suitable ways to
handle it. In the next section, we introduce a reformulation that
makes the problem efficiently solvable.

[V. PROPOSED SOLUTION

In this section, we reformulate the problem in (4) as a LP that
can be handled much more efficiently.

To this aim, we first present useful Lemma 1. It should be
noted that in this lemma we use a new set of {0g,01,...,0n,},
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Time [sec]

Fig. 2. Continuous function and its piece-wise linear approximation.

in which Ny = ZuN;l |7.] and 09 =0, and {oy,...,0n,} is
obtained by sorting all the deadlines of the functions of the tasks
(i.e., {d¥}vi w) in the ascending order.

Lemma 1: In an interval between any two adjacent deadlines
(i.e., 05 <t <0,41), the optimum values of ¢*(t)Vu for the
problem in (4) are constant.

Proof: We prove the lemma by contradiction. Assume that the
optimal solution of the problem in (4) is not constant between
the two adjacent deadlines. Therefore, it would be in general
similar to the continuous function in Fig. 2. We show that
there is a constant function in this interval with less or equal
energy consumption. However, the continuous function can be
approximated using the staircase one in the figure. Thus, we use
the staircase approximation instead in the following. We note
that the staircase function will be equal to the continuous one
by letting the time steps go to zero (i.e., A — 0), and since
our discussion is valid for any value of A, all the conclusions
obtained by considering the staircase function works for the
continuous one as well. We consider the values of the func-
tion in two different time instants, namely A; and A, such
that A; # A,. If we assume the time steps be equal to A,
the total computations done in these two time steps will be
(A + Ay) x A. We introduce another function in which these
two values are both equal to (4; 4+ A,)/2 (i.e., constant in these
two time steps) and the total computations is the same as the
previous case.

We define g(x) £ 23, 2 >0, and since it is convex,
we can write g(ax; + (1 — a)x2) < ag(zy) + (1 — a)g(z2),
0 < a < 1. By setting « = 0.5,x; = Ay, 2, = A, and multi-
plying both sides by 2 x A, we will have

3
2><A><(Al;Az) SAxAHAxA 5

where the left- and right-hand sides of the abovementioned in-
equality are equal to the energy consumption of the newly intro-
duced function and the optimal solution, respectively. Therefore,
we introduced a new function that has equal or less energy
consumption than the considered nonconstant optimal solution.
Similar to the abovementioned approach, we proceed and show
that the optimal solution of the problem in (4) is constant be-
tween two adjacent deadlines. Finally, without loss of generality,
the optimal values for ¢* (¢)Vu could be considered to be constant
between any two adjacent deadlines. |
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A. LP Reformulation

Using the abovementioned findings, we now rewrite the prob-
lem formulation and the involved variables. As the optimum
value of function ¢} (¢) can be considered constant in an interval
of o;_1 <t < oy, we state the allocated processing frequency
in this interval for task u by new variable yi'. Also, by the
abovementioned lemma, function ¢(t) would be constant in
each interval of the form o;_; <t < 0. Thus, we introduce
new variables Yj, j=1,..., Ny instead of c(t) in the new
formulation.

The total computational requirement of the ith function of
task v is equal to C* and its corresponding constraint was stated
in (2) for continuous variables. For the new set of variables, this
constraint would be as follows:

> (o5—050) xyj = Cy
JEN;
where N; = {j € {1,...,Nq}|d" , < o; <dV}. We should
note that as (6) is the representation of constraint (2) in the
reformulation, the summation should be done in the interval of
(d* |, d¥] that is equivalently stated by set \; here.
According to the abovementioned discussions, the objective
function in (4), that we are aiming to minimize it, iS now
written as

Vi, u (6)

kY (05— 0;1) Y} (7)

This objective function is convex but due to its nonlinearity, the
related optimization problem will be too complex and can not
be solved efficiently in time. To tackle this issue, we state the
following lemma.
Lemma 2: The objective function in (7) can be equivalently
stated as
max Y;. )
J
Proof: See Appendix A. ]
To write the new objective function in (8) in a suitable linear
form, we introduce the nonnegative auxiliary variable 6 as the
objective function subject to new constraints of Y; < 0Vj. It
can be easily verified that this is equivalent to using objective
function in (8). The resulting optimization problem is formulated
as
minimize 6
0.{y;; 1:{Y;}

subjectto Y; <6 V)

Ny,
>0 v
u=1

Z (0j —oj1) xy; =Cf Vi,u,
JEN;
0>0, yi,Y; >0 Vju. 9)

We note that y's, which correspond to the allocated process-
ing frequencies to task w in the intervals of (o;_;,0;] are
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Fig. 3.

Example of scheduling for two scenarios: our approach (left),
upon arrival execution (right).

nonnegative real numbers. Also, Y is a summation over y;'s
for all the tasks and ¢ is an upper-bound on Y;s; Thus, both
of them are nonnegative real numbers. On the other hand,
all the relations in (9) are linear. Therefore, the reformulated
optimization problem obtained in (9) is an LP and in comparison
with (4), it can be solved more efficiently with less complexity.

Discussion 1: Our proposed scheduler i.e., EneX advisedly
spreads computational loads over time and, thus, reduces overall
energy consumption. Fig. 3 shows an illustrative example of the
idea. There are four functions in the example. The gray area
shows the deadline duration for each function and the black area
shows the time it takes for the execution of the function given the
available processing frequency at that moment. The left figure
depicts our proposed approach and the right shows a strategy
that starts execution just upon arrival. The latter takes higher
more momentary processing frequency usage and, thus, more
energy consumption.

B. Online Scheduling

The framework discussed in the previous section solves the
problem when there is just a set of initially available tasks in
the system. Using the results of the previous section, we design
a scheme to schedule the customers’ tasks entering the system
in time. In this regard, the provider first schedules the initially
available tasks using (9), and then schedules each incoming task
upon its arrival. A new incoming task u has a set of functions
characterized by the their computational requirements, C}*, i €
{1,2,...,|T"|}, and deadlines, d¥,: € {1,2,...,|T*|}. Here,
we use a similar approach to the one in (9). The only difference
is that we should consider the previously scheduled processing
frequencies represented by Ys. To this aim, we first construct
set of deadlines. We assume that the new task execution request
indexed by u is submitted to the system at time ¢,, and j, is
such that 0, 1 < t,, < 0, . Therefore, the new set of ordered
deadlines, that we present it by {60, 51, . .., 0.}, is resulted via
concatenating t,,, {o;};>;,. and {d¥};c7~, and sorting them
in ascending order. The previously assigned values of Ys,
represent the amount of processing frequencies in the intervals
between o;s. To match with the newly introduced deadlines, we
restate the values of these processing frequencies in the intervals
between & ;s as Yjs, which are related to the Ys as follows:

V=Y, if o1 <é;<an (10)

Also, we define /\A/',

e {l,...J}de, <& <d}.
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Thus, upon arrival of the uth task, the scheduler allocates the
resources as follows:

minimize 6
0,{9%3,{Y;}

gy+Y; <0 Vj

Y (65-00) xgp=CF Vi
jeN;

0>0, §v>0 Vi

subject to

Y

After some manipulations and using typical constrained op-
timization methods, such as Karush-Kuhn-Tucker condi-
tions [49], for problem in (11), the obtained solution is stated as

i=(e-7) viex (12)
where

3 (Ay—f/jfzcgi Vi

JEN:

A0 Vi (13)

and (Jc)+ isequal to x for x > 0, and zero, otherwise. Therefore,
the solution of (11) is obtained by first solving (13) for A}'s
and then setting g3 = (A" — Y;)*. The overall procedure for
determining ¢;'s could be done as presented in Algorithm 1.
In this algorithm, using the values of parameters obtained from
scheduling the previous requests, we first construct s, and f/js
in Lines 1 and 2, respectively. For each ¢ starting from ¢ = 1
to i = |7,| the following procedure inside the for loop is done.
After setting initial values for /% and M in each iteration of
the while loop, we assume that A}* > Yj, and calculate the value
of A} using (13) that is stated according to the expression in
Line 9 of the algorithm. Using the obtained value of 1}', we then
determine y;' = A" — f/] If the resulting g} for all j € N be
nonnegative, the final solutions for the current 7 are obtained and
we can start the procedure for ¢ 4+ 1. Otherwise, we update ./\70
according to Line 15, and set Q;L =0forje J% We solve the
equation for the remaining §;'s. We continue the same procedure
in each iteration of the while loop until all the yi's become
nonnegative according to Line 11 of the algorithm. In this case,
we set the parameter Ind; to zero so that the while loop does not
continue for index 7 and the next iteration of upper level for loop
will be started or if ¢ = |7,,| the algorithm is finished.

Note that the abovementioned formulation and the algorithm
are for the case that after initial scheduling, a task is submitted
to the system. However, for the next arriving tasks the same
procedure should be done by setting the algorithm input values
toY; =), g + Y’J where §j's are the previous outputs of
Algorithm 1, and replacing {o; } by {6;} obtained above.

C. Discussion on Online Scheduling

In our problem, tasks arrive at the system in time, and the
serverless provider must schedule the resources to meet the
computation demands and deadlines of these incoming tasks.
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Algorithm 1: Online Scheduling.

Input: Yjs, 0;s,di's, C's
Output: yi's: Optimal values of processing frequencies
1 Construct set of ;s by concatenating o ;s and dj's, and
sorting them in ascending order
2 Construct the new set ffjs, where YJ =Y, if
o1 < &j < ;.
3 Initialize Ind; = 1,
4 for i = 1:|T,| do

Vie{l,...,|Tul}

5 Set Ny =0
6 | Set N; = Indices of &;s such that d¥ | < 6; < d
7 while Ind; # 0 do
8 Set ./\71 = ./VZ — J\T()
9 Set AU = M
Vil .
10 Set gt =\ =Y}, VjeN;
1 if j% > 0,Vj € N; then
12 Set Ind; =0
13 end
14 else
15 Define /\70 =setof all j € M such that
gy <0
16 Set §¥ = 0,Vi € Ny
17 end
18 end
19 end

To this aim, we first formulate the problem for the scenario, in
which it is assumed that the information of all tasks is available
at the system and the scheduler solves the problem using this
information. For this scenario, we present the optimal solution
as LP in Section IV-A, and name it the offline solution of the
problem. We then design an online solution in Section IV-B
based on the offline one. In this online solution presented in
Algorithm 1, we assume that initially a portion of tasks have
been submitted to the system and the resources are scheduled
for them using the offline solution. Then, upon arrival of each
request, we use the proposed online algorithm to allocate the
resources to it.

There are two important points when considering online and
offline solutions. First, the offline solution cannot be used for
a large number of tasks submitted to the system as the re-
quired time and also memory drastically increases by increasing
the number of tasks. However, the online solution does not
encounter such an issue. Second, in a practical scenario the
required information for the offline solution to work, includ-
ing the deadline and computational requirements of the future
tasks already not submitted to the system, is not available.
Thus, the practical solution for such a system is to schedule
the request upon arrival as is done in the online solution. We
note that when evaluating the performance of the proposed
schemes in Section V, we discuss the main features of the online
solution compared with that of offline by conducting several
experiments.
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Fig. 4. Example of using the proposed method for allocation of com-

putational resources. The first to the fifth functions of a task are shown,
respectively, with blue, red, green, black, and pink colors. The scheme
has scheduled them correctly in order.

TABLE Il

PARAMETERS OF THE FIVE CONSIDERED TASKS
u | [Tl CH(x10°) d¥
1 4 49,57,73,67 207,679,1055, 1478
2 3 96, 65, 68 162,347,613
3 3 77,45,67 474,973,1211
4 4 27,97,79,71 93,451,629, 784
5 5 47,95,60,17,97 | 492,853,995,1276, 1539

V. PERFORMANCE EVALUATION

In this section, we present the numerical results for the
proposed scheme. To this aim, we assume that the number of
functions of a task is an integer randomly distributed with equal
probability in [1,5]. We generate the computational requirements
and the deadlines of the functions of the tasks according to the
uniform distribution in the intervals of [1, 100] x 10° cycles, and
[50, 500] s, respectively. Also, we set k = 10724,

A. lllustrative Example

In order to show how our method works, we consider a
scenario, where N,, = 30 tasks are initially in the system, and
solve the scheduling problem for them using (9). The allocation
of computational resources in terms of processing frequency
in time for the first five tasks is plotted in Fig. 4. Also, the
parameters for these five tasks in the experiment are reported
in Table II, which indicates the number of functions for each
task and the corresponding computational and deadline require-
ments. In the figure and for a better representation, the compu-
tational resources allocated to different functions of each task
are shown in distinct colors. It is worth mentioning that the
maximum value of time in these plots depends on the maximum
deadline of the functions of each task. The results verify that
our proposed method schedules the functions precisely in order
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Fig. 5. Total processing frequencies for two scenarios with N,, = 50
and N,, = 100 tasks initially at the system.
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Fig. 6. Time required to schedule the tasks submitted to the system

for online and offline schemes for different values of A.

and preserves their deadline constraints. Note that the total
computational resources used by the system to execute the tasks
of all the IV,, tasks in time is plotted in this figure, and as expected
our method tries to maintain a constant processing frequency in
time in order to have the minimum energy usage. To investigate
how our method works for greater values of N, plots of the
total processing frequencies for N, = 50 and N, = 100 are
presented in Fig. 5. According to these plots, by increasing the
number of tasks in the system the total allocated processing
frequency is increased. Another observation from these plots is
that the time duration in which the total processing frequency is
constant decreases by increasing [V,,.

B. Online versus Offline

In this section, we sketch important features of our proposed
online scheduling scheme by conducting several experiments.
1) Scalability: We have plotted the time required for both
the online and offline schemes to schedule the submitted task to
the system in Fig. 6. According to this figure, the time required
for the offline scheme increases drastically by increasing the
number of tasks while the time for the online method has an
almost linear behavior in this scenario. It is an interesting feature
for an algorithm to have a linear time complexity so that it can
scale well by increasing problem dimensions. It is also worth
emphasizing that according to Fig. 6, the time required by the
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Fig. 7. CR of the online scheme.

online scheme for scheduling a single task is of minor value
which is on average less than 0.025 s.

2) Performance: To evaluate the performance of an online
scheme, the widespread method is to compare its cost with
the cost of the offline solution. The ratio between these costs
(called CR) is usually considered an important factor in the
performance of online schemes [50]. However, finding this ratio
theoretically is not possible for many problems. An alternative
and acceptable approach is to empirically study this CR by
conducting experiments. In this regard, we calculated the ratio of
these costs for numerous runs of the experiment and statistically
reported the CR for the online method proposed in this work in
Fig. 7. The statistics of CR for different number of tasks shows
a mean and maximum value of around 1.5 and 2, respectively.

C. Comparison

In this section, we evaluate the performance of our proposed
scheme. In particular, the following schemes for comparison are
used.

1) Proposed: It refers to our proposed methods in this work.

2) Fixed Schedule: In this method, at a given time the
scheduler schedules a function with the earliest deadline
from each task and allocates a fixed processing frequency
to each of them. The fixed frequency can be simply
determined by dividing the residual computational re-
quirement of that function by the remaining time to its
deadline. The total processing frequency of the system at
each time instant, thus, would be the sum of these fixed
frequencies. Note that the idea behind using this method
for comparison is that according to Lemma 1, the optimal
processing frequency for scheduling is constant between
any two consecutive deadlines.

3) AdaptAvg: This scheme uses the computational and dead-
line requirements of the submitted tasks. In particular, it
first determines an average quantity by dividing the sum of
required computation loads by the maximum value of the
deadlines. Then, it performs the scheduling task-by-task
and tries to adapt itself to a constant processing fre-
quency as close as possible to the obtained average value
above.

For the comparison, we perform the following experiments.

1) Experiment 1: In this experiment, we consider a scenario

in which the customers have submitted their tasks to the system
and the provider schedules them according to (9). Therefore,
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mode for different values of A.

in this scenario there is no incoming task in time and the
orders of the tasks have been justified initially. We plotted the
total consumed energy versus the number of tasks in Fig. 8.
The results demonstrate the better performance of the proposed
scheme in terms of energy consumption compared with the two
other approaches

2) Experiment 2: In this experiment, we investigate the sce-
nario discussed in Section IV-B. In particular, we assume that
there are several tasks initially submitted at the system, and the
new task execution requests arrive at the system according to the
Poisson distribution with parameter A. The provider schedules
the tasks according to Algorithm 1. In Fig. 9, we plotted the
energy consumption of our proposed scheme and the two other
methods introduced previously versus the total number of tasks
(Ny). It is worth noting that we assume that | N, /2] tasks
initially have been submitted to the system and the remaining
tasks (i.e., N, — [V, /2]) enter one-by-one according to the
Poisson distribution. We conducted the experiment for different
values of mean interarrival time (i.e., equal to 1/2) in Fig. 9.
According to the figure, the performance of the proposed scheme
is considerably better than the two other schemes. Also, in plots
of Fig. 9, the energy consumption decreases by increasing 1/A.
This observation is due to less computation to be performed
in the same time duration by increasing 1/, and, thus, less
energy would be consumed by the abovementioned scheduling
schemes.

We note that in this comparison there is a tradeoff between the
complexity of a method and its resulting energy consumption. In
particular, our proposed method might need more computation
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Fig. 10. Normalized energy consumption for real-world OpenWhisk
implementation of three various scheduling schemes.

than the Fixed Schedule and AdaptAvg approaches but at the
same time, it presents lower energy consumption. However, as
we pointed out when discussing the online and offline methods in
Section I'V-C the complexity of the online solution is acceptable
in practice and is not a concern.

D. Real-World Implementation

We implemented our proposed scheduler on top of Open-
Whisk’s core.scheduler module. For the sake of com-
parison we also implemented two other previously described
scheduling strategies i.e., Fixed Schedule and AdaptAvg ap-
proaches. We evaluated our implementation on a 16-node Open-
Whisk cluster. We used a dedicated node for the OpenWhisk’s
controller and scheduler. Nodes were HP Proliant
DL360 G9 servers connected over Gigabit Ethernet switches.
We utilized an open-source version of Intel Power Gadget® to
measure the energy consumed by each node. Using this tool
to measure energy consumption in serverless environments is a
common approach [24], [51], [52]. We used a synthetic workload
similar to that of numerical experiments described before.

Fig. 10 depicts the evaluation results. We measure the energy
consumption as total energy consumed. We observe that in our
real-world OpenWhisk implementation the proposed scheme
can achieve lower energy consumption compared with that of
Fixed Schedule and AdaptAvg approaches. Also, the results
from this real-world implementation matches to the ones from
simulations and, thus, it validates the analysis done in this work.

Fig. 11 shows the scatter plot for normalized end-to-end
latencies of 100 different function chains. Here, the function
chains are indexed from 1 to 100. We calculated the time between
achain being scheduled until the execution is finished. As shown
in the figure, on average the latencies are increased marginally
using our approach. This is mainly due to the nature of our
approach, which tries to delay the execution of functions to
reduce energy consumption while conforming with the dead-
lines. Fixed Schedule exhibits the lowest latency, however, as
discussed previously in this section, its energy consumption is
significantly higher.

Shttps://github.com/sosy-lab/cpu-energy-meter.

2351

Normalized E2E Latency

Function chain index

x Proposed O Fixed schedule + AdaptAvg

Fig. 11. Normalized E2E latencies of 100 function chains for three
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chains for three different scenarios; 1) our proposed approach (right
columns), 2) Fixed schedule (middle columns), and 3) AdaptAvg (left
columns).

To evaluate the overheads imposed by our approach, we
calculated and compared the total execution times for the three
different scenarios. Fig. 12 depicts the comparison for five
sample chains. It shows the fraction of CPU time spent in
the idle, kernel, user modes, and scheduling, respectively. The
overhead of EneX’s scheduler is negligible compared with the
total execution time and slightly higher than that of Fixed
Schedule.

VI. CONCLUSION

Serverless computing has recently attracted many research
studies in the scientific community and more importantly ap-
pealed considerable interest from the industry. Current ap-
proaches for scheduling in serverless providers do not well
address the energy awareness issue and also do not properly
consider the chained nature of functions invocations. This article
proposed EneX, which is an energy-aware scheduler for server-
less function chains that conforms with the deadlines defined for
each function. We presented a mathematical formulation for the
problem. In order to handle the complexity of the formulated
problem, we introduced a tractable LP reformulation. Based on
that, we designed an online scheduling scheme for the prob-
lem. Our evaluations confirmed that EneX makes significant
improvements in terms of energy efficiency. We note that in
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this article, we considered the tasks with linear chain structure,
in which completely executing a function is the prerequisite
for starting the next one, in the formulation and solution. Fur-
thermore, more general structures of tasks, e.g., with parallel
executable functions, can also be supported by converting them
into multiple tasks with linear topology and use them as the
inputs to our introduced framework. However, determining the
optimal procedure for these scenarios may require further studies
and is an interesting topic of future work.

APPENDIX A
PROOF OF LEMMA 2

The lemma argues that the optimum solution of problem in
(9) has the minimum value of max; Y;. We prove the lemma by
contradiction. Suppose that the optimum solution of the problem
with the minimum value of objective in (7) does not have the
minimum value of max; Y; in the feasible region of the problem.
We show this optimum solution by Y}, Y5, ..., Y .- Assume that
Y. = max; YJ On the other hand, we introduce an other set of
points in the feasible region of the problem by Y/, Y5, ..., Y
such that Y; = Y — e, Y/ = Y, + ¢, and Yj’ = }7j7j % k.
1 is any arbitrary index in {1,...,k— 1,k 4+ 1,..., Ng}. Also,
€, €, > 0, and we assume

Y/ +6 <Y (14)

so that max; Y} would not be greater than max; Y;. Also, we
set D; = 0; — 0. First, to preserve the problem constraints,
we should have
DkXYk-i-Dl X}_/l:DkXYkI—l-Dl X}/l,
:Dk X (kaék)+Dl X ()714’6[)
s5)

which results that €, Dy, = ¢;D;. The difference of energy con-
sumption for the two schemes is equal to

Nd Nd

3 3
/QgD]ij—/quJxYJ
Jj=1 Jj=1

=K (Dk(Yk — )+ Dy (Vi + 61)3 — DY + DzYl3>

= kDy, (3Ykei —3V2er — ei) + D (3)71612 + 3V + e?) .
(16)

However, since €, Dy = ¢;D;, we rewrite the abovementioned
relation as

kDger, (3Yier —3Y) —r +3Vi6 +3Y7 +¢) . (17)

As kDyer >0, we investigate the expression in parenthe-
sis in (17) hereafter. Considering (14), we write 3332 =+
3Yie; = 3Y,(Y; + ) < 3Y;Y}. Combining this result with the
first two terms in parenthesis in (17) and again employing
(14), we form another inequality as —3}7,3 +3Ye +3V1Y, =
3Yi(er +Y; — Yi) < 3Yi(exr — ). Therefore, the expression
in (17) is written as

3Vi(ern — &) + 6 — e = (€ — ex) (e + ex — 3Y5)

<Y —Yi—e) (—2Yr+ e —Y)) (18)
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in \ivhichiwe have used ¢; < Y}, — Y; from (14). If we set ¢, =
(Y —Y), 0<~<1(18)would become as follows:

(Vi =Y —ex) (2 + e — 1))

=(1=7 -Y)((v-2)Ye - (1+7)Y).
However, as we have supposed that Y. >V, and 0 < v <1,
the above expression is less than or equal to zero. Therefore, we
introduce feasible points Y/, Yy, ..., Yy for which Zj\[:d \ Dj x

Yj’3 < Zjvzdl D; x Yf, which is in contrast with {}73}5\[:‘11 to be
the optimum solution of the problem. Thus, the lemma is proved.
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