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Abstract. The Dynamic Multi-Workflow Scheduling (DMWS) prob-
lem aims to allocate highly complex tasks modeled as workflows to
cloud resources while optimizing workflow brokers’ interests. A work-
flow broker offers workflow execution services to end-users with agreed
Service Level Agreements (SLA) while reducing its total VM rental fees
in the meantime. Most existing DMWS-related research works focus on
minimizing the workflow makespan by using either heuristics or hyper-
heuristics techniques. However, these techniques were either designed for
static workflow scheduling based on prior workflow information and/or
the simplified cloud environment. In this paper, the DMWS problem is
formulated to collectively minimize VM rental fees and SLA violation
penalties. Moreover, we introduce a novel priority-based deep neural
network scheduling policy that can flexibly adapt to a changing num-
ber of VMs and workflows. To train the new policy, a new Evolutionary
Strategy based Reinforcement Learning (ES-RL) is developed and im-
plemented. Different from gradient-based deep reinforcement learning
algorithms, ES-RL has its advances in effectively training population-
based and generally applicable policies in parallel as well as robustness
to hyper-parameter settings. Our experiments with real-world datasets
show that ES-RL can effectively train scheduling policies that can sig-
nificantly reduce the costs by more than 90% compared to the state-of-
the-art scheduling policies.

Keywords: Dynamic workflow scheduling · Cloud computing · Rein-
forcement learning · SLA violation · Evolutionary strategy.

1 Introduction

Large-scale and highly complex computational applications (e.g., weather fore-
casting and Tsunami prediction) are usually modeled as workflows in cloud [17,
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18]. A workflow consists of a set of inter-dependent tasks connected by directed
edges. These workflows are often outsourced to workflow brokers that offer work-
flow execution services to users [29,31]. A workflow broker usually uses computa-
tion resources, e.g., Virtual Machines (VMs), leased from cloud providers [10,28]
to reduce the maintenance cost [28,29]. Service Level Agreements (SLAs) are of-
ten established between the users and the workflow brokers [28]. Brokers are
highly motivated to comply with the commitments in SLAs, e.g., deadline con-
straints, in order to avoid paying SLA violation penalties [28,30].

The process of Workflow Scheduling (WS) starts from users dynamically
submitting workflows to brokers along with specified deadlines. Upon receiving
a workflow, the broker makes scheduling decisions in real time which include the
selection of VM resources (e.g., the VM number and types) and allocation from
workflow tasks to VMs. Often, a broker needs to schedule multiple workflows for
a customer. The goal of the broker is to maximize its profit by minimizing the
VM rental fees and SLA violation penalties.

The WS problem is known to be NP-hard [9, 15] and has been widely in-
vestigated [9, 10]. For example, GRP-HEFT [9] schedules a given workflow to
minimize the makespan under a VM rental budget. ProLiS [29] proportionally
assigns a sub-deadline to each task and allocates tasks to VMs that can meet the
deadline constraint as well as minimize the VM rental fees. However, existing
methods [5, 9] were mostly designed for static WS where the workflow infor-
mation (e.g., the arrival time, the number, and types of workflows) is known
in advance. Moreover, many methods have been proposed with different goals
and constraints, such as minimizing the workflow makespan with a budget con-
straint in GRP-HEFT [9] or minimizing the budget while satisfying the deadline
constraint in ProLiS [29]. Different from these works, in this paper a workflow
broker aims to strike a desirable trade-off between reducing the SLA penalty
and the total VM rental fee such that the overall cost involving both of the two
can be minimized. Moreover, existing algorithms focus on developing heuris-
tics [3, 5, 9, 15, 29] or hyper-heuristics [1, 8, 16, 31] based on simplified cloud en-
vironment as well as prior information of all workflows to be scheduled. Some
works only considered scheduling one workflow at a time [7].

In this paper, we consider a Cost-aware Dynamic Multi-Workflow Scheduling
(DMWS) problem for workflow brokers, where different workflows are dynam-
ically sent to brokers for execution. The broker needs to rent proper VMs and
schedule workflows on the rented VMs in real-time to minimize VM rental fees
and SLA violation penalties. Note that the number of VMs also needs to accom-
modate the workflow dynamics. Therefore, DMWS involves decisions of dynami-
cally adjusting the number of rented VMs and allocating workflow tasks to VMs.
Since WS decisions at a given time are affected by previous decisions and the cur-
rently available VM resources, this is a sequential decision problem. Therefore,
Deep Reinforcement Learning (DRL) is a promising direction towards tackling
this challenging problem. However, existing Q-learning or gradient-based DRL
approaches for WS [7,13,20,25] have certain limitations: (1) They do not guar-
antee high scalability due to the assumption that the number of VMs is pre-
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determined and remains fixed [13, 20, 25]. (2) Their performance is sensitive to
hyper-parameter settings while hyper-parameter search is difficult.

The aim of this paper is to propose an effective approach for training newly
designed scheduling policies to handle a changing number of VMs and workflows
to address the cost-aware DMWS. Specifically, we design a new Deep Neural
Network (DNN) based scheduling policy to dynamically rent new VMs and allo-
cate simultaneously any tasks ready for execution to the rented VMs. We show
that the designed scheduling policies can be used to efficiently assign a priority
value to each candidate VM for a given task. The VM with the highest priority
will be selected for renting and/or task execution. In line with the new policy
network design, a new training approach called Evolutionary Strategy based
Reinforcement Learning (ES-RL) for DMWS is proposed. Our new training ap-
proach features the use of Evolutionary Strategy (ES), a deep neuroevolution
algorithm, to achieve stable and effective training of our policy network. Mean-
while, ES-RL is not sensitive to hyper-parameter settings and offers significant
performance gain and time reduction through its parallel training capabilities.

Specifically, the key contributions of this paper are listed as follows:
– A Priority-based Deep Neural Network (DNN) scheduling policy design is

proposed to flexibly adapt to a changing number of VMs and workflows.
– An evolutionary DRL approach called Evolutionary Strategy based Rein-

forcement Learning (ES-RL) is proposed to achieve robust and time-efficient
training of new policy networks that can solve the DMWS problem effec-
tively.

– Extensive experiments with real-world datasets have been conducted to show
that the scheduling policies trained by ES-RL can significantly reduce the
costs by more than 90% compared to the state-of-the-art WS approaches.

2 Related Work

Problem formulation: Existing Workflow Scheduling (WS) studies can be
divided into static and dynamic WS.

Static WS assumes the workflow information (e.g., arrival time, workflow
type, and the number of workflows) is known in advance. Given the workflow
information, the scheduling decisions are made offline and remained fixed during
the workflow execution. Most of the existing works belong to this category [3,5,9,
29]. However, the assumption on prior knowledge of the workflow information in a
cloud environment may not be practical because users can submit their workflows
at any time and the workflows from one user can also vary in terms of structure
and size from time to time [6,15]. Although an alternative way is to schedule the
workflows periodically (e.g., batch scheduling) [2], deciding a suitable scheduling
period is critical and challenging. For example, a short scheduling period can
significantly increase VM rental fees due to low VM utilization (see GRP-HEFT
performance in Sec. 6.2) while a long scheduling period introduces long workflow
waiting time, potentially leading to high SLA violation penalties.
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Dynamic WS makes scheduling decisions at run-time according to the cur-
rent cloud environment. Unlike static WS, dynamic WS only received limited
research interests [6,15]. For example, the existing studies [6,15] considered the
workflow scheduling problem with the goal of minimizing the VM rental costs
while treating the workflow deadline as a hard constraint. However, sometimes
it can be more cost-efficient by paying the SLA penalties rather than renting
additional/expensive VMs (see the comparison between ES-RL and ProLiS in
Sec. 6.2). The trade-off between VM rental fees and SLA violation was not cap-
tured by the models proposed in existing works [9,29]. Motivated by [11,31], in
this paper, we study the dynamic WS problem with the aim to optimize both
VM rental fees and SLA violation penalties. That is, we consider the trade-off
between rental fees and SLA violation fees to minimize the overall cost of brokers
and therefore maximize their profits.

Algorithm design: Most existing works focus on developing heuristics or
hyper-heuristics to generate approximate or near-optimal solutions for the NP-
hard WS problem with constraints. For example, GRP-HEFT [9] was proposed
which selected VMs using a greedy heuristic under a budget constraint and allo-
cated tasks using a modified HEFT [26]. To solve the deadline constrained WS
problem of a single workflow, ProLiS [29] distributed the user-assigned deadline
to each task in the workflow and subsequently allocated the tasks to VMs in
order to meet their sub-deadlines. Other heuristics can also be found in [3,5,15].
However, most of them rely on a simplified cloud environment and full knowledge
of all workflows to be scheduled, which potentially limits their practical appli-
cability. Apart from that, many of them [3, 5, 9] are designed for static work-
flow scheduling. Alternatively, meta-heuristic (e.g., Particle Swarm Optimiza-
tion) [19, 21] and hyper-heuristic methods (e.g., Genetic Programming) [8, 31]
have been applied to WS. However, these approaches either assume the work-
flow information is known in advance (i.e., static WS) or generate heuristics
based on historical data.

Deep Reinforcement Learning (DRL) has been applied for WS due to its
ability to optimize a solution via interacting with an unknown environment
[7,13,20,25,27]. For example, a deep-Q-network based DRL algorithm was pro-
posed [27] to optimize the workflow makespan and user’s cost. However, existing
works have certain limitations. First, they are usually designed with a given and
fixed number of VMs. However, the given number of VMs may not be optimal
to handle the changing workloads [13, 20, 25, 27]. Second, the performance of
most DRL algorithms [23, 24] is sensitive to the hyper-parameter setting while
hyper-parameter search is difficult [14].

To cope with these limitations, Evolutionary Strategy (ES) is leveraged in
this paper to train the scheduling policy. ES is a population-based approach that
evolves DNNs by simulating the process of natural selection. Existing studies [22]
have shown that ES can achieve competitive performance with DRL algorithms.
Moreover, ES is highly parallelizable and has fewer hyper-parameters needed to
be tuned compared to DRL algorithms.
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3 Problem Formulation

In this paper we study the cost-aware Dynamic Multi-Workflow Scheduling
(DMWS) problem. This section presents a formal definition of the problem.

Cloud Environment: We consider a cloud data center equipped with a set
of VM types. Thanks to the elasticity feature in the cloud, we assume that the
number of VMs with each VM type for renting is “unlimited”. A VM v with type
Type(v) can be described as:

v = ⟨Type(v), Capa(v), P rice(v)⟩

where Capa(v) is the VM processing capacity measured in Compute Units [9]
and Price(v) is the rental fee of each time unit depends on Type(v). Following
existing studies [9,31], we consider the rental time unit as one hour in this paper.

VM Rental Fee: For the DMWS problem, we consider a time interval T =
(ts, te) where ts and te are the starting and ending time. Within T , the same
type of VM can be rented for multiple times. We denote the set of rental periods
for a VM v with type Type(v) within T as RT (v, T ):

RT (v, T ) = {(VMST (v, k, T ), V MFT (v, k, T ))|k = 1, ...}

where (VMST (v, k, T ), V MFT (v, k, T )) is the kth time pair for v within time
period T . VMST (v, k, T ) is the rental start time which begins when a workflow
task is allocated at v and VMFT (v, k, T ) is the corresponding rental finish time.
The VM rental fees under a scheduling policy π can be calculated as follows:

RentFee(π, T ) =
∑

v∈I(π,T )

Price(v)×
∑

(t1,t2)∈RT (v,T )

⌈
t2 − t1
3600

⌉
where I(π, T ) is the set of VMs being rented within the time period T .

Workflow Model: A workflow w is represented as a Directed Acyclic Graph
associated with its arrival time ArrT (w) and a user-specified deadline DL(w).

w = ⟨DAG(w), ArrT (w), DL(w)⟩

where DAG(w) includes a set of tasks {Task(w, i)|i ∈ {1, 2, ...}} and directed
edges connecting the tasks to enforce their execution order. Note that Task(w, i)
is associated with execution time RefT (Task(w, i)) and can only be executed if
all its predecessor tasks Pre(Task(w, i)) are completed. Task(w, i) is an entry
task if Pre(Task(w, i)) = ∅. Similarly, the successors of Task(w, i) are denoted
as Suc(Task(w, i)). A task with no successors is an exit task.

In this paper, we assume that the arrival time of any new workflows is not
known in advance. To avoid SLA violation and flexibly utilize the VM resources,
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scheduling decisions are made in real time, e.g., whenever a task is ready. In
particular, a task Task(w, i) is defined as ready if it is either an entry task
of a workflow (i.e., Pre(Task(w, i)) = ∅) or a task with all its predecessors
Pre(Task(w, i)) completed. We define a set of candidate VMs as CVM(t) which
includes all leased VMs at time t and a set of VM options with all VM types
that can be created. Whenever Task(w, i) is ready at time t, π selects a VM v
from CVM(t) for Task(w, i) allocation.

Following π, the start time for Task(w, i) is ST (Task(w, i), π) and the com-
pletion time is

CT (Task(w, i), π) = ST (Task(w, i), π) +
RefT (Task(w, i))

Capa(v(π))

Thus, the completion time WCT of a workflow w is the maximum completion
time among all tasks:

WCT (w, π) = max
Task(w,i)∈DAG(w)

{CT (Task(w, i), π)}

SLA Penalty: Following existing works [28, 31], the SLA violation penalty of
workflow w can be defined as follows:

Penalty(w, π) =

{
0, if WCT (w, π) ≤ DL(w)

ϵ+ β(w)× (WCT (w, π)−DL(w)), otherwise

where ϵ is a constant and β(w) is the penalty rate for w.
The goal of the cost-aware DMWS problem is to find π to schedule a set of

workflows W (T ) = {w|ArrT (w) < te} that arrive during T , so as to minimize
SLA violation penalties and VM rental fees:

argmin
π

∑
w∈W (T )

Penalty(w, π) +RentFee(π, T ) (1)

4 Priority-based DNN Policy Design

In the DMWS problem, the scheduling decision needs to be made in real time
with minimum delay. Therefore, π must select a suitable VM quickly whenever
a task is ready. Meanwhile, in order to tackle environment dynamics and cap-
ture the most recent information (e.g., how close is the workflow deadline), the
scheduling decision is made as soon as the task is ready and before it is assigned
to a VM.

In this paper, a design of priority-based Deep Neural Network (DNN) policy is
proposed. As shown in Fig. 1, the policy π consists of three major components:
the state extraction function O, the priority function fθ parameterized by θ,
and the mapping function Φ. Whenever a task is ready at time t, the policy
π examines the VM status z(v, t) extracted by O for ∀v ∈ CVM(t). Then π
assigns a priority value p(v, t) to each VM v using fθ. Based on the priorities, a
VM is selected using Φ.
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Fig. 1: The dynamic workflow scheduling system.

State Extraction: At time t, we use S(t) to capture the state information of
the current cloud environment including static information (e.g., the VM rental
price) and dynamic information (e.g., VM rental period, availability, workflow
processing information, etc). To allow the policy to be applied to a varying
number of VMs, a state extraction function O is proposed to extract essential
information regarding any given VM v from CVM(t) and the ready task to be
scheduled:

z(v, t) = O(S(t), v)

Whenever a task is ready, only information of one VM instead of all VM is fed
into fθ. Therefore, fθ can be flexibly applied with a changing number of VMs.

Intuitively, the priority value of a VM depends on the ready task and the VM.
Therefore, z(v, t) includes both workflow-related and VM-related information.
Given a ready task Task(w, i) from a workflow w, we identify the following
workflow-related information to estimate the workflow remaining processing time
and predict future workload:

– the number of its successors |Suc(Task(w, i))|
– the workflow completion ratio3

– the estimated workflow arrival rate

For VM-related information, we estimate whether a VM is a good fit depending
on if it will satisfy the deadline, introduce additional rental fees, and remain any
rental time:

– a Boolean value indicating whether the VM can satisfy the task deadline4

– the potential cost of using the VM5

– the VM remaining rental time after allocating the ready task
– a Boolean value indicating whether the current VM is the one with the lowest

cost and can satisfy the deadline.

The state extraction process can be formulated as follows:

Z(t) = [z(v, t)]v∈CVM(t) = [O (S(t), v)]v∈CVM(t), t ∈ T (2)
3 The workflow completion ratio is the ratio of the number of completed tasks to the

total number of tasks from the workflow.
4 Motivated by ProLiS [29], we assign a deadline to a task based on the proportion of

its computational time to the overall workflow computational time
5 The potential cost is the sum of new VM rental fee and deadline violation penalty.
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Priority Mapping: Using the extracted state features z(v, t), the priority func-
tion fθ with trainable parameters θ calculates a priority value p(v, t) for every
VM candidate v:

P (t) = [p(v, t)]v∈CVM(t) = [fθ (z(v, t))]v∈CVM(t)

In this paper, DNN is adopted to implement the priority function.Meanwhile,
neural engines and similar hardware technologies can quickly process our neural
networks for priority mapping during practical use.

VM Selection: Given the priorities, a VM a(t) with the highest priority value
is selected by Φ:

a(t) = Φ(P (t)), i.e., a(t) = argmax
v∈CVM(t)

(P (t))

The scheduling policy can be represented as follows:

a(t) = π(S(t)) = Φ
(
[fθ (O (S(t), v))]v∈CVM(t)

)
(3)

5 Evolutionary Reinforcement Learning

Training a policy can be considered as a DRL task. However, as we discussed in
Sec. 2, existing DRL-based approaches for WS assume the number of VMs is pre-
determined and fixed. Therefore, they cannot scale to a network with a different
number of VMs. Meanwhile, their performance highly relies on hyper-parameter
tuning.

To tackle these problems, we introduced a new Evolutionary Strategy based
Reinforcement Learning (ES-RL) approach for DMWS. The pseudo-code of ES-
RL is presented in Algorithm 1. In particular, ES-RL adopts the ES frame-
work introduced by OpenAI in [22] for training scheduling policies. ES-RL is a
population-based optimization method that runs iteratively, as shown in Fig. 2.
At each iteration, given the current policy parameters θ̂, ES-RL samples a pop-
ulation of N individuals [θi]i=1,..,N from an isotropic multi-variance Gaussian
with mean θ̂ and fixed covariance σ2I, i.e., θi ∼ N (θ̂, σ2I), which is equivalent
to

θi = θ̂ + σϵi, ϵi ∼ N (0, I)

The fitness value F (θ̂+σϵi) of each individual θ̂+σϵi is evaluated by applying
the perturbed policy πθ̂+σϵi

in the cloud environment as discussed in Sec. 4.
In line with our objective function in Eq. (1), we define the fitness function
F (θ̂ + σϵi) as the total cost incurred over T :

F (θ̂ + σϵi) =
∑

w∈W (T )

Penalty(w, π) +RentFee(π, T ) (4)

The goal of ES-RL is to find θ that can minimize the total cost defined in
Eq. (4) through minimizing the expected objective value over the population
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Fig. 2: Scheduling policy training using ES-RL.

Algorithm 1 ES-RL for DMWS

1: Input: Population size N , initial policy parameter θ̂, learning rate α; Gaussian
noise standard deviation σ

2: Output: Scheduling policy
3: while the number of generations < the max number of generations: do
4: for each individual i = 1, ..., N do
5: Sample ϵi ∼ N (0, I)
6: Update the WF scheduling policy πi using θi = θ̂ + σϵi
7: Evaluate fitness F (θi) in cloud environment using Eq. (4)
8: end for
9: Estimate policy gradient ∇θ Eθ∼pψ F (θ) using Eq. (5)

10: Update θ̂ ← θ̂ + α∇θ Eθ∼pψ F (θ)
11: end while

distribution, i.e., Eϵ∼N (0,I) F (θ+ σϵi). To achieve this goal, ES updates θ using
the following estimator:

∇θ Eθ∼pψ F (θ) = ∇θ Eϵ∼N (0,I) F (θ + σϵ) =
1

σ
Eϵ∼N (0,I)

[
F (θ + σϵ)ϵ

]
≈ 1

Nσ

N∑
i=1

[
F (θ + σϵi)ϵi

] (5)
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Table 1: VM Setting based on Amazon EC2
Type vCPU Compute Unit Memory(GB) Cost($ per hour)

m5.large 2 10 8 0.096
m5.xlarge 4 16 16 0.192
m5.2xlarge 8 37 32 0.384
m5.4xlarge 16 70 64 0.768
m5.8xlarge 32 128 128 1.536
m5.12xlarge 48 168 192 2.304

6 Performance Evaluation

To evaluate the performance of our proposed ES-RL approach, we conduct exper-
imental evaluations using a simulator based on real-world data from cloud data
centers and benchmark workflows, comparing with two state-of-the-art methods.

6.1 Simulation Setting

Cloud Environment: We consider a cloud data center equipped with six differ-
ent VM types. Following [3,9], VMs are configured based on the general-purpose
on-demand VM group in the US East region provided by Amazon EC2. VM
details are summarized in Tab. 1 which were collected in September 2020 from
Amazon6.

Workflows: Following existing studies [3, 9, 29], four classes of scientific work-
flows are used in our experiment which include CyberShake, Inspiral, Montage,
and Sipht. All workflows are computational intensive and their communication
time is trivial compared to the task execution time [9]. Detail analysis of these
workflows can be found in [4,12]. Note that workflows in each class share similar
structures but can differ from the numbers of their tasks (e.g., ranging from
25 to 50). During our training, we simulate small workflows from four classes
where each of them contains 25 to 30 tasks. Nevertheless, our trained scheduling
policy is generalized well and can be directly applied to large workflows with
50 tasks without retraining. Following [6, 15], we simulate the dynamic arrival
of workflow applications by randomly sampling 30 workflows from four classes
of workflows in each simulation. The arrival time of workflows follows a Poisson
distribution with λ = 0.01 [15]. The penalty rate β is set to be $0.24 per hour
for each workflow [32].

To compare the algorithm performance under different deadlines, a deadline
relaxation factor η is used. Similar to [3], we consider η changes from 1 to 2.25.
Given η, the deadline of a workflow w is set as below:

DL(w) = ArrT (w) + η ×MinMakespan(w)

6 https://aws.amazon.com/ec2/pricing/on-demand/
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where MinMakespan(w) is the shortest makespan of each workflow w as its
execution time when its tasks are executed by the fastest VM v from Tab. 1 (i.e.,
m5.12xlarge).

Algorithm Implementation: We implement ES-RL based on the code re-
leased by OpenAI7. In terms of parameter settings, we set the Gaussian noise
standard deviation σ = 0.05 and the learning rate α = 10−2. The population
size N is 40 and each individual is evaluated for 1 episodes (i.e., NE=1). The
maximum generation number is 3000. For the priority function design, we fol-
low the DNN architecture used by OpenAI baselines. Specifically, it is a fully
connected multilayer feed-forward neural network with two hidden layers. Each
hidden layer consists of 64 nodes with the tanh activation function.

Baseline Algorithms: We compared ES-RL with two state-of-the-art schedul-
ing algorithms (GRP-HEFT [9] and ProLiS [29]) which have similar objectives
as (1). As we discussed in Sec. 2, both GRP-HEFT and ProLiS were designed
for static WS of one single workflow. We need to adapt them to the DMWS
problem. To enable GRP-HEFT to be comparable with ES-RL, we minimize the
budget constraint for every newly arriving workflow by incrementally increas-
ing the budget that is passed to GRP-HEFT as a constraint until the workflow
satisfies its deadline. To enable ProLiS to be applicable for dynamic workflow
arrival, ProLiS is triggered to assign deadlines to all tasks once a workflow ar-
rives. Whenever a task is ready, the cheapest VM from CVM(t) that can meet
the task deadline will be selected.

6.2 Simulation Results

To demonstrate the effectiveness of ES-RL, we compare its performance (i.e.,
overall cost) with GRP-HEFT and ProLiS under different η (i.e., deadline relax-
ation factor) as shown in Tab. 2. Note that a smaller η implies a tighter deadline.
We also analyze the testing performance among all algorithms with respect to
VM cost ($), SLA penalty ($), and VM utilization (%), as shown in Fig. 3. Note
that GRP-HEFT causes a high VM cost which ranges from $830 to $1988. Thus,
to show the difference in VM rental cost in Fig. 3(a), we set the y-axis limit to
an upper value (i.e., 420).

As shown in Tab. 2, we can observe that the overall cost of ProLiS and
GRP-HEFT increases as η decreases (i.e., a tighter deadline). This is mainly
because both ProLiS and GRP-HEFT consider the workflow deadline as a hard
constraint. In other words, they always select VMs that can satisfy the workflow
deadlines. This explanation also matches well with our observation in Fig. 3(b)
where the SLA penalty remains 0 regardless of the η changes. With a tight
deadline, more powerful VMs in terms of computational capacity are required.
As a result, an increase in VM cost can be observed in Fig. 3(a) as η decreases.
7 https://github.com/openai
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Fig. 3: Comparison of GRP-HEFT [9], ProLiS [29], and ES-RL on different fac-
tors with respect to different η with small workflows.

Table 2: The average fitness values (i.e., total cost) tested over multiple runs
for GRP-HEFT [9] and ProLiS [29], and ES-RL with different η with small
workflows. (Note: a lower value is better)

η ProLiS GRP-HEFT ES-RL
1.00 395.5520 ± 11.633617 - 74.490828 ± 7.060981
1.25 108.5184 ± 15.815567 1775.9232 ± 161.077450 71.817811 ± 7.664415
1.50 91.7376 ± 12.662934 1171.8144 ± 75.565892 73.737249 ± 6.339560
1.75 83.4304 ± 10.828026 1258.9056 ± 90.980289 71.436684 ± 5.725663
2.00 76.9088 ± 10.752586 1164.7488 ± 76.973755 68.036960 ± 5.993622
2.25 68.3456 ± 10.332963 969.9840 ± 102.602041 65.590513 ± 7.967546

In comparison, ES-RL consistently outperforms both ProLiS and GRP-HEFT
with the lowest overall cost as highlighted in Tab. 2. This is achieved by balanc-
ing the trade-off between VM rental fees and SLA penalties. As demonstrated
in Fig. 3, ES-RL maintains the low overall costs by renting cost-effective VMs
(see Fig. 3(a)) as well as utilizing existing VMs (see Fig. 3(c) for the high VM
utilization). As a result, ES-RL can violate the workflow deadlines and therefore
introduces SLA penalties (see Fig. 3(b)). Meanwhile, when η increases, the SLA
penalty decreases because when the deadline becomes looser, VM selection has
less impact on the SLA penalty.

Another interesting observation is that GRP-HEFT has the highest overall
cost among the three approaches. This is mainly because GRP-HEFT is designed
for static WS. In a scenario when two tasks from the same workflow are assigned
to the same VM, the idle time slot between the two tasks cannot be utilized
by a different workflow, leading to low VM utilization. This also matches our
observation in Fig. 3(c) where GRP-HEFT presents the lowest VM utilization.

We also investigate the generalization capability of our trained scheduling
policy. In particular, we define the generalization capability as the policy that
was trained using small workflows can still be able to effectively schedule large
workflows. The results are shown in Fig. 4. From the figures, we can see that ES-
RL still managed to reduce the overall cost by balancing the trade-off between
VM rental fees and SLA penalties. Meanwhile, compared to ProLiS, ES-RL can
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achieve significantly higher VM utilization. In general, our observations of ES-
RL with large workflows are consistent with the results with small workflows
shown in Fig. 3. Our results demonstrate that ES-RL can effectively train a
generalized scheduling policy that can flexibly adapt to not only the changing
number of VMs but also workflows with different sizes.
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Fig. 4: Comparison of ProLiS [29] and ES-RL on different factors with respect
to different η with large workflows.

7 Conclusions

In this paper, we proposed an effective ES based approach for the cost-aware
dynamic multi-workflow scheduling (DMWS) problem. In particular, we formu-
late a dynamic multi-workflow scheduling problem with the goal of minimizing
both the VM rental cost and SLA violation penalties. To effectively solve this
problem, we proposed a new scheduling policy design of a priority-based deep
neural network that can be used in a dynamic environment with a changing
number of VMs and workflows. Meanwhile, a new Evolutionary Strategy based
RL (ES-RL) algorithm for DMWS is proposed to efficiently train a generally ap-
plicable scheduling policy in parallel. Our experiments with real-world datasets
showed that the scheduling policies trained by ES-RL can effectively reduce the
overall costs compared to two state-of-the-art algorithms.
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