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ABSTRACT

CCS CONCEPTS

Crowdsourcing aims to enable the assignment of available
resources to the completion of tasks at scale. The continued
digitization of societal processes translates into increased
opportunities for crowdsourcing. For example, crowdsourcing
enables the assignment of computational resources of humans,
called workers, to tasks that are notoriously hard for computers. In settings faced with malicious actors, detection of
such actors holds the potential to increase the robustness
of crowdsourcing platform. We propose a framework called
Outlier Detection for Streaming Task Assignment that aims
to improve robustness by detecting malicious actors. In particular, we model the arrival of workers and the submission of
tasks as evolving time series and provide means of detecting
malicious actors by means of outlier detection. We propose a
novel socially aware Generative Adversarial Network (GAN)
based architecture that is capable of contending with the
complex distributions found in time series. The architecture
includes two GANs that are designed to adversarially train an
autoencoder to learn the patterns of distributions in worker
and task time series, thus enabling outlier detection based on
reconstruction errors. A GAN structure encompasses a game
between a generator and a discriminator, where it is desirable
that the two can learn to coordinate towards socially optimal
outcomes, while avoiding being exploited by selfish opponents.
To this end, we propose a novel training approach that incorporates social awareness into the loss functions of the two
GANs. Additionally, to improve task assignment efficiency,
we propose an efficient greedy algorithm based on degree
reduction that transforms task assignment into a bipartite
graph matching. Extensive experiments offer insight into the
effectiveness and efficiency of the proposed framework.

• Information systems → Location based services; •
Computing methodologies → Machine learning; • Humancentered computing → Empirical studies in collaborative
and social computing.
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1

INTRODUCTION

Crowdsourcing enables a computing paradigm, where humans, called workers, actively or passively contribute to
computing tasks, especially in cases where tasks are intrinsically easier for humans than for computers [27]. Research on
crowdsourcing [7, 11, 40] has contributed many techniques for
task assignment in different application scenarios, which are
based generally on the assumption that workers are trusted
and that tasks are meaningful. However, in practice, some
workers and task requesters may be malicious. Such actors
may complete tasks with low quality or may even sabotage
tasks [6, 9, 13], or they may submit “invalid” tasks requests
that cannot be finished by their deadlines or that do not
bring any rewards to workers. Such malicious actors impact
platforms and their workers and requesters negatively. Controlling the quality of workers and tasks is thus a major
challenge in crowdsourcing. Recent studies have explored
the malicious behavior of workers [8, 28]. Gadiraju et al. [8]
analyze prevalent malicious activities in crowdsourcing platforms and study the behavior exhibited by trustworthy and
untrustworthy workers. On this basis, they identify different
types of malicious behaviors and provide guidelines for task
requesters to design crowdsourced surveys efficiently. Wang
et al. [28] integrate gold standards into the learning of the
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Figure 1: ODSTA Framework Overview
quality of workers, where gold standards are questions with
processes are designed to train an autoencoder. To the best of
correct answers that are known a priori to the crowdsourcing
our knowledge, this is the first comprehensive study that aims
platforms. Typically, the platforms insert a small amount of
to identify malicious workers and invalid tasks by modeling
questions into their tasks, observe the performance of workthem as outliers in time series.
ers, and compute error rates of completed tasks to detect
3) An efficient degree-reduction-based greedy algorithm is
malicious workers. But these studies focus either on a specific
given that transforms task assignment into a bipartite graph
task type or use only the error rates to detect malicious
matching.
workers. They also do not consider malicious task requesters
4) We report on experiments using real data, offering
and fail to consider the combination of malicious workers and
evidence of the effectiveness and efficiency of the proposed
malicious task requesters in task assignment.
framework.
Addressing these unmet challenges, this study goes beyond
the state of the art and develops a crowdsourcing frame2 PROBLEM STATEMENT
work, called Outlier Detection for Streaming Task AssignDefinition 1 (Worker). A worker, denoted as 𝑤 =
ment (ODSTA), that aims to enable effective task assignment
(𝑤, 𝑎, 𝑑), is able to perform tasks. A worker is in online mode
in settings with malicious workers and task requesters. Specifwhen the worker is ready to accept tasks; otherwise, the worker
ically, the ODSTA framework consists of a malicious worker
is in offline mode. An online worker 𝑤 is associated with a
and invalid task detection component and a task assignment
𝑘-dimensional vector 𝑤 ∈ R𝑘 that describes features of 𝑤,
component, as shown in Figure 1. The arrivals of workers, as
e.g., the completion quality of historical tasks, the error rate
well as the arrivals of tasks (or task requests), at a crowdof completed tasks, and other statistical information derived
sourcing platform can be modeled as streaming, multivariate
from historical data, an arrival time 𝑤.𝑎, and a deadline 𝑤.𝑑.
time series. Thus, the first component models the detection
Definition 2 (Task). A task, denoted by 𝑡 = (𝑡, 𝑎, 𝑑), is
of malicious workers and invalid tasks as a correlated time
′
given by a 𝑘′ -dimensional vector 𝑡 ∈ R𝑘 that describes the
series outlier detection problem. The basic task is to deterfeatures of the task, where each dimension corresponds to
mine whether multidimensional data points that represent
a feature, e.g., task type, task pricing, task popularity, task
workers or tasks conform to an expected data distribution.
difficulty, work volume, and skill requirements. A task 𝑡 also
Non-conforming data points then represent malicious workhas an arrival time 𝑡.𝑎, and a task expiration deadline 𝑡.𝑑.
ers and invalid tasks. This component is equipped with a
novel Socially Aware GAN (SA-GAN) outlier detector that
Definition 3 (Multivariate Time Series). A multioperates in an unsupervised manner. More specifically, we
variate time series is a time-ordered sequence of vectors or
design two SA-GANs, namely a distribution-based SA-GAN
data points, each representing an entity at a specific time
and a reconstruction-based SA-GAN, where a socially aware
instance. In particular, a 𝑘-dimensional (𝑘 > 1) time series
loss function is introduced to achieve better reconstruction.
𝑆 is a sequence of 𝑘-dimensional vectors 𝑆 = ⟨𝑠1 , 𝑠2 , ..., 𝑠|𝑆| ⟩,
We use the SA-GANs to train an autoencoder adversarially
where |𝑆| is the length of 𝑆, 𝑠𝑖 ∈ R𝑘 is a 𝑘-dimensional vecin order to learn the regular patterns of worker and task time
tor that describes an entity at time 𝒯𝑖 , and each dimension
series and to calculate outlier scores for workers and tasks.
corresponds to a feature.
The second component addresses the computational task of
matching workers and tasks. Specifically, we propose a greedy
We use bold letters, e.g., 𝑆 and 𝑠, to denote vectors. In
algorithm based on degree reduction that transforms task
crowdsourcing, a worker multivariate time series is denoted
assignment into a bipartite graph matching while considering
by 𝑊 = ⟨𝑤1 .𝑤, 𝑤2 .𝑤, ..., 𝑤|𝑊 | .𝑤⟩, where 𝑤𝑖 .𝑤 is a feature
the outlier scores of workers and tasks. Finally, the worker
vector of worker 𝑤𝑖 . Thus, the workers in 𝑊 arrive at the
and task matches, i.e., the task assignments, are obtained.
crowdsourcing platform in the order on their index, i.e.,
Our main contributions can be summarized as follows:
𝑤1 .𝑎 < 𝑤2 .𝑎 < ... < 𝑤|𝑊 | .𝑎. Next, a task multivariate time
1) We propose a general and efficient task assignment
series is denoted by 𝑇 = ⟨𝑡1 .𝑡, 𝑡2 .𝑡, ..., 𝑡|𝑇 | .𝑡⟩, where each 𝑡𝑖 .𝑡
framework for crowdsourcing, called Outlier Detection for
is a task feature vector of task 𝑡𝑖 .
Streaming Task Assignment (ODSTA), that considers maliDefinition 4 (Multivariate Time Series Outlier
cious workers and invalid tasks during task assignment.
Detection). Assuming that the current time is 𝒯𝑖 (𝑖 >
2) We propose an SA-GAN architecture for worker and task
1) and given a historical 𝑘-dimensional time series 𝑆 =
time series outlier detection, where two adversarial training
⟨𝑠1 , 𝑠2 , ..., 𝑠𝑖−1 ⟩, we aim to assign an outlier score to each
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vector 𝑠𝑖 such that the higher the outlier score of 𝑠𝑖 is, the
more likely it is that 𝑠𝑖 is an outlier.
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and 𝐷 with the following two-player minimax game:
min max E𝑠∼𝑝data (𝑠) [log 𝐷(𝑠)] + E𝑧∼𝑝(𝑧) [log(1 − 𝐷(𝐺(𝑧)))],
𝐺

In crowdsourcing setting, we assign outlier scores to each
feature vector 𝑤.𝑤 and 𝑡.𝑡 in 𝑊 and 𝑇 , meaning that we
assign outlier scores to the corresponding workers and tasks.
When assigning workers to tasks, the crowdsourcing platform will consider all available workers and tasks at a given
time instance, and it assigns a task to each worker. Once
a task is assigned to a worker, the worker goes offline until
the task is completed. A task 𝑡 can be assigned to a worker 𝑤 only if their associated time intervals intersect, i.e.,
[𝑤.𝑎, 𝑤.𝑑) ∩ [𝑡.𝑎, 𝑡.𝑑) ̸= ∅. In single-task assignment mode, the
server assigns one task to a worker at a time.
Definition 5 (Task Assignment). Given a set of workers 𝑊 and a set of tasks 𝑇 , a task assignment 𝐴 is a set of
worker-task pairs in the form of (𝑤, 𝑡), where each worker or
task can be assigned at most once.
Each pair (𝑤, 𝑡) has a utility 𝑈 (𝑤, 𝑡) that may capture the
reward given to worker 𝑤 for completing task 𝑡, the spatial
distance that 𝑤 must travel to complete 𝑡, or similar. Since we
study general task assignment, we fix neither the features of
workers and tasks, nor the basic utility, which are application
specific. Different instances of the framework are obtained
when using different configurations.
We use 𝐴.𝑈 to denote the total utility of all the worker-task
pairs in 𝐴. The problem investigated is stated as follows.
Problem Statement. Given a set of workers and a set
of tasks at the current time instance in a crowdsourcing
platform, compute the outlier scores for all workers and tasks
and use these to obtain an optimal task assignment Aopt that
maximizes the total utility of non-outlier workers and tasks,
i.e., ∀ Ai ∈ A (Ai .U ≤Aopt .U ), where A denotes all possible
assignments that involve only non-outlier workers and tasks.

3

MALICIOUS WORKERS AND
INVALID TASKS DETECTION

Since the worker and task data can be deemed as streaming
multivariate time series, and the malicious workers and invalid
tasks can be regarded as outliers in time series accordingly, we
propose an outlier detector, namely SA-GAN outlier detector,
to identify the outliers. We first introduce some preliminaries,
then give an overview of the outlier detector, and finally
provide specifics on each component in the detector.

3.1

Preliminaries

Generative Adversarial Networks. GANs establish minmax adversarial games between a generator (𝐺) and a discriminator (𝐷), which are typically implemented as neural
networks. The generator generates fake samples by capturing
the distribution of true samples, and the discriminator, usually a binary classifier, aims to classify samples as real or fake
(generated by the generator). Given a 𝑘-dimensional time
series 𝑆 = ⟨𝑠1 , 𝑠2 , ..., 𝑠|𝑆| ⟩, let 𝑍 = ⟨𝑧 1 , 𝑧 2 , ..., 𝑧 |𝑍| ⟩ denote
noise samples from a random latent space, where |𝑆| = |𝑍|.
Following the architecture of a regular GAN [10], we train 𝐺

𝐷

(1)

where 𝐺(·) implicitly defines a probability distribution for
the generated samples, 𝐷(𝑠) represents the probability that
𝑠 comes from the real data, and 𝑝(𝑧) is a prior on the input
noise variables.
Autoencoders. An autoencoder is a feedforward fullyconnected neural network, where the number of neurons in
the input and output layers are the same and where there are
much fewer neurons in the hidden layers [2, 14, 31]. In particular, given a 𝑘-dimensional input vector 𝑠𝑖 = (𝑠1𝑖 , 𝑠2𝑖 , ..., 𝑠𝑘𝑖 ),
where 𝑠𝑗𝑖 denotes the 𝑗th (1 ≤ 𝑗 ≤ 𝑘) feature value of 𝑠𝑖 ,
an autoencoder, consisting of an encoder and an decoder,
′2
′𝑘
outputs another 𝑘-dimensional vector 𝑠′𝑖 = (𝑠′1
𝑖 , 𝑠𝑖 , ..., 𝑠𝑖 )
that is a reproduction of the input. Formally, we define the
encoder and decoder by two functions 𝑓𝑒 and 𝑓𝑑 :
𝑓𝑒 (𝑠𝑖 ) : R𝑘 → R𝑚 , 𝑓𝑑 (𝑥) : R𝑚 → R𝑘 ,

(2)

𝑚

where 𝑥 ∈ R (𝑚 < 𝑘) denotes an intermediate 𝑚-dimensional
vector mapped from 𝑠𝑖 ∈ R𝑘 by the encoder. Next, the decoder maps 𝑥 to a reconstructed vector 𝑠′𝑖 ∈ R𝑘 . The objective
of an autoencoder is to minimize the reconstruction error
between 𝑠𝑖 and 𝑠′𝑖 using the 𝐿1 distance as follows:
′

argmin‖𝑠𝑖 − 𝑠𝑖 ‖1 = argmin
𝑓𝑒 ,𝑓𝑑

𝑓𝑒 ,𝑓𝑑

𝑘
∑︁

𝑗

′𝑗

|𝑠𝑖 − 𝑠𝑖 |

(3)

𝑗=1

We can use existing algorithms, e.g., gradient descent and
back-propagation, to learn the functions, 𝑓𝑒 and 𝑓𝑑 .

3.2

Solution Overview

The SA-GAN outlier detector is based on two GANs using
CNN-based autoencoders as generators and CNNs as discriminators to capture complex patterns and distributions of
time series. We use one-dimensional CNNs with filters sliding
along the temporal dimension as base models to capture
temporal correlations in time series, as recent studies [21, 23]
show that CNNs are more robust than LSTMs for time series.
The framework has three components: data processing, model
training, and outlier detection, as shown in Figure 2.
The data processing component performs data normalization, negative sampling, and segmentation, which are necessary for model training. The model training component
encompasses two adversarial training processes, namely a
distribution-based SA-GAN (including the encoder as its generator 𝐺1 and a distribution-based discriminator 𝐷1 , marked
in green) and a reconstruction-based SA-GAN (including the
whole autoencoder as its generator 𝐺2 and a reconstructionbased discriminator 𝐷2 , marked in blue), which aim to learn
the patterns and distributions of time series. We will elaborate the training in Section 3.4. After the model training,
the trained model is transferred to the outlier detector in the
outlier detection component. When a new time series arrives,
it is first normalized and segmented, and then reconstructed
by the outlier detector. Finally the outlier score is computed
based on the reconstruction error between the original time
series and the reconstructed one.
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Figure 2: SA-GAN Outlier Detector
entire feature set concurrently to capture latent interactions among features. We divide the time series into subData Normalization. We apply min-max normalization to
sequences with a sliding window. Given an entity 𝑠𝑖 at
each dimension of the time series 𝑆 = ⟨𝑠1 , 𝑠2 , ..., 𝑠|𝑆| ⟩:
time 𝒯𝑖 , we use 𝑊 𝑠𝑖 to denote the corresponding subsequence of 𝑠𝑖 segmented by a sliding window, where 𝑊 𝑠𝑖 =
𝑠𝑗𝑖 − min{𝑆 𝑗 }
⟨𝑠𝑖−|𝑊 |+1 , 𝑠𝑖−|𝑊 |+2 , ..., 𝑠𝑖 ⟩ and |𝑊 | is the length of 𝑊 𝑠i .
̃︀𝑗
𝑠 =
,
(4)

3.3

Data Processing

𝑖

max{𝑆 𝑗 } − min{𝑆 𝑗 }

3.4
where min{𝑆 𝑗 } and max{𝑆 𝑗 } denote the minimal and maximal values of the 𝑗th dimension.
Negative Sampling. To address the class-imbalanced
problem, where normal samples by far exceed abnormal
ones are universal in outlier detection which presents additional challenges to outlier detection in time series, we
introduce negative sampling [24] to create negative samples
(i.e., abnormal samples) from the observed positive samples (i.e., normal samples) globally and locally when processing the training data. Specifically, we design a simple
negative sampling method to obtain synthetic global and
local negative samples. Specifically, given a set of positive
time series samples 𝑆 = ⟨𝑠1 , 𝑠2 , ..., 𝑠|𝑆| ⟩ from training data,
there are sufficient positive samples, but only few negative
samples are expected because time series contain only few
outliers. The probability that any point drawn from the time
series is normal is nearly one. Therefore, we regard range
[min{𝑆 𝑗 }, max{𝑆 𝑗 }] as the normal range for the 𝑗th dimension (1 ≤ 𝑗 ≤ 𝑘), where min{𝑆 𝑗 } and max{𝑆 𝑗 } denote the
minimal and maximal values of the 𝑗th dimension. We generate negatives in a range that is slightly larger than the
normal range and then use GANs for reconstruction. Specifically, the value in the 𝑗th dimension of negative samples
𝑆 ′ = ⟨𝑠′ 1 , 𝑠′ 2 , ..., 𝑠′ |𝑆 ′ | ⟩ is chosen independently and uniformly from range [min{𝑆 𝑗 } − 𝛿, max{𝑆 𝑗 } + 𝛿], where 𝛿 is
a small positive number denoting the deviation of negative
samples from the normal range. The sampling ratio, denot′
|
ed as 𝑅 = |𝑆
, is the ratio between the synthetic and the
|𝑆|
original sample size. We generate negative samples based on
the sampling ratio on the whole time series (i.e., in a global
manner) or on each time series subsequence segmented by a
sliding window (i.e., in a local manner). The choice of global
versus local generation needs to be fitted to time series data.
Data Segmentation. Instead of treating each feature
independently, the SA-GAN outlier detector considers the

Model Training

Distribution-based GAN Training. In the Distributionbased SA-GAN, the encoder is regarded as the generator and
takes a time series subsequence 𝑊 𝑠𝑖 as input and outputs a
hidden variable 𝑧. The Distribution-based SA-GAN aims to
guide the matching between the prior distribution 𝑝(𝑧) and
the posterior distribution 𝑞(𝑧) of the hidden variable 𝑧, in
which 𝑞(𝑧) is calculated according to Equation 5.
∫︁
𝑞(𝑧) =
𝑊𝑠
𝑖

(︀
)︀
(︀
)︀
𝑞 𝑧 | 𝑊 𝑠𝑖 𝑝data 𝑊 𝑠𝑖 𝑑𝑊 𝑠𝑖 ,

(5)

where 𝑞 (𝑧 | 𝑊 𝑠𝑖 ) is the encoding distribution and 𝑝data (𝑊 𝑠𝑖 )
is the data distribution. We assume that 𝑞 (𝑧 | 𝑊 𝑠𝑖 ) is a
Gaussian distribution and use the parametrization of Kingma
and Welling [15] for back-propagation through the encoder.
The distribution-based discriminator 𝐷1 is used to guide
the posterior 𝑞(𝑧) to match the prior 𝑝(𝑧), which tries to
maximize the following loss function:
ℒ𝐷1 =
+

E

[log (𝐷1 (𝑧))]

𝑧∼𝑝(𝑧)

E

𝑊 𝑠 ∼𝑝𝑑𝑎𝑡𝑎 (𝑊 𝑠 )
𝑖
𝑖

[︀
(︀
(︀
(︀
)︀)︀)︀]︀
log 1 − 𝐷1 𝐺1 𝑊 𝑠𝑖
,

(6)

where 𝐺1 is the corresponding generator, i.e., the encoder,
which tries to minimize the following loss function:
ℒ𝐺1 =

E

𝑊 𝑠 ∼𝑝𝑑𝑎𝑡𝑎 (𝑊 𝑠 )
𝑖
𝑖

[︀

(︀
(︀
(︀
)︀)︀)︀]︀
log 1 − 𝐷1 𝐺1 𝑊 𝑠𝑖

(7)

Existing GAN learning strategies pursue convergence to
Nash equilibria [1, 10, 41]. In contrast, we incorporate the
concept of social awareness into the training process and aim
at improving the social welfare of the generator and discriminator under self-play rather than pursuing Nash equilibrium
solutions. Considering that social welfare is the common interests or goals between the generator and discriminator, we

Outlier Detection for Streaming Task Assignment in Crowdsourcing

WWW ’22, April 25–29, 2022, Virtual Event, Lyon, France

sum up their objectives, max{ℒ𝐷1 } and min{ℒ𝐺1 }.
{︀
}︀
{︀
}︀
max ℒ𝐷1 + min ℒ𝐺1
{︀
= max
E [log (𝐷1 (𝑧))]

[1, 3)

𝑧∼𝑝(𝑧)

+

[3, 4)

[︀

E

𝑊 𝑠 ∼𝑝𝑑𝑎𝑡𝑎 (𝑊 𝑠 )
𝑖
𝑖

+ min

{︀

(︀
(︀
(︀
)︀)︀)︀]︀ }︀
log 1 − 𝐷1 𝐺1 𝑊 𝑠𝑖
[︀

E

𝑊 𝑠 ∼𝑝𝑑𝑎𝑡𝑎 (𝑊 𝑠 )
𝑖
𝑖

+ min ℒ𝐺1

[4, 5)

(︀
(︀
(︀
)︀)︀)︀]︀ }︀
log 1 − 𝐷1 𝐺1 𝑊 𝑠𝑖

Given that min{ℒ𝐺1 }= max{−ℒ𝐺1 }, we get
{︀
}︀
{︀
}︀
{︀
max ℒ𝐷1

(8)

= max

E

[log (𝐷1 (𝑧))]

}︀

(9)

𝑧∼𝑝(𝑧)

𝑧∼𝑝(𝑧)

𝑊 𝑠𝑖 ∼𝑝data (𝑊 𝑠𝑖 )

[log (1 − 𝐷1 (𝐺1 (𝑊 𝑠𝑖 )))]. Based on a regular

GAN framework [10], we train the SA-GAN with a twoplayer min-max game by introducing the socially aware degree
sa 1 ∈ (0, 1), which reflects the socially aware degree of the
generator and discriminator, as shown in Equation 10.
{︀
}︀
min max sa 1 · SG1 + (1 − sa 1 ) · IG1 ,
𝐺1

𝐷1

sa 1 = sa 1 + 𝛼 ·

if SG1 > IG1
if SG1 < IG1
otherwise

SG1 − IG1
,
SG1 + IG1

(11)

(12)

where random(𝑎, 𝑏) is a random number from range (𝑎, 𝑏),
and 𝛼 is the learning rate of sa 1 , which is usually set to 0.001.
Reconstruction-based GAN Training. In this SAGAN, the autoencoder is regarded as the generator (denoted as 𝐺2 ), which generates the reconstructed time series,
𝑊 ′ 𝑠𝑖 = 𝐺2 (𝐺1 (𝑊 𝑠𝑖 )). A reconstruction-based discriminator
𝐷2 that compares the difference between the original and
reconstructed time series is proposed to avoid overfitting.
Similarly, the reconstruction-based SA-GAN can be trained
with the following socially aware two-player minimax game:
{︀
}︀
min max sa 2 · 𝑆𝐺2 + (1 − sa 2 ) · 𝐼𝐺2
𝐺2

𝐷2

𝑆𝐺2 =

[︀

E

𝑊 𝑠 ∼𝑝data (𝑊 𝑠 )
𝑖
𝑖

𝐼𝐺2 =

E

𝑊 𝑠 ∼𝑝data (𝑊 𝑠 )
𝑖
𝑖

[︀

(︀

(︀
)︀]︀
log 𝐷2 (𝑊 𝑠𝑖 )

(︀
(︀
)︀)︀)︀]︀
log 1 − 𝐷2 𝐺2 𝐺1 (𝑊 𝑠𝑖 )
,

1

w2

(1-0.6)*0.18

w3

(1-0.3)*0.11

(1-0.8)*0.3
(1-0.6

)*0.2

(1-0.7

1

)*0.1

8

t1

[1, 3)

t2

[1, 2)

t3

[1, 4)

t4

[3, 5)

𝑊 𝑠𝑖 ∼𝑝data (𝑊 𝑠𝑖 )
[log (1 − 𝐷2 (𝐺2 (𝐺1 (𝑊 𝑠𝑖 ))))]. The loss function of the autoencoder is shown in Equation 16.

ℒ = ℒ0 + 𝜆1 ℒ𝐺1 + 𝜆2 ℒ𝐺2
⃦
(︀
)︀⃦
⃦
⃦ ,
∼𝑝data (𝑊 𝑠 ) 𝑊 𝑠𝑖 − 𝐺2 𝐺1 (𝑊 𝑠𝑖 )
1
𝑖
𝑖

ℒ0 = E𝑊 𝑠

(13)

(14)
(15)

where sa 2 is the socially aware degree of the Reconstructionbased SA-GAN.
Autoencoder Training. For the autoencoder training,
we use the loss functions of the encoder and decoder, i.e.,
ℒ𝐺1 and ℒ𝐺2 , as the adversarial regularization to achieve

(16)
(17)

where ℒ0 is the reconstruction loss, and 𝜆1 and 𝜆2 are parameters that control the contributions of ℒ𝐺1 and ℒ𝐺2 .
To achieve stability during the training, we employ feature
matching loss [22] to replace the adversarial regulations, ℒ𝐺1
and ℒ𝐺2 . Let 𝐹 (·) be a function of an intermediate layer in
the discriminator, which can be regarded as a feature function.
The feature matching measures the 𝐿2 distance between the
feature representation of the original and generated data.
Thereby, the adversarial regulations, ℒ𝐺1 and ℒ𝐺2 , can be
recomputed as follows:
ℒ𝐺1 = ‖E𝑊 𝑠

𝑖

− E𝑧∼𝑝(𝑧) 𝐹1 (𝑧)‖2
(︀
)︀
=‖E𝑊 𝑠 ∼𝑝
𝐹2 𝑊 𝑠𝑖
data (𝑊 𝑠𝑖 )
(18)
(︀𝑖
(︀
(︀
)︀)︀)︀)︀
−𝐹2 𝐺2 𝐺1 𝑊 𝑠𝑖
‖2 ,

∼𝑝data (𝑊 𝑠 ) 𝐹1 (𝐺1 (𝑊 𝑠𝑖 ))
𝑖

ℒ𝐺2

(10)

where sa 1 can be adjusted adaptively based on the relative
performance between the generator and discriminator. During each training round, if SG1 exceeds IG1 , sa 1 increases;
otherwise, sa 1 decreases. We adopt two strategies for updating sa 1 , namely a random strategy (Equation 11) and a
learning rate based strategy (Equation 12).
⎧
⎨ 𝑟𝑎𝑛𝑑𝑜𝑚(sa 1 , 1)
𝑟𝑎𝑛𝑑𝑜𝑚(0, sa 1 )
sa 1 =
⎩ sa
1

)*0.2

Figure 3: Worker-Task Bipartite Graph
robustness of the autoencoder, where ℒ𝐺2 =
E

Equation 9 aims to maximize the probability of recognizing
a real sample, which is regarded as the common goal of the
generator and discriminator, called a socially aware goal. For
the discriminator, we can see from Equation 6 that the socially
aware goal is also its individual goal. The generator can
generate high-quality fake samples with the social goal since
it aims to generate fake samples to fool the discriminator.
Let SG1 denote E [log (𝐷1 (𝑧))] and IG1 denote
E

w1

(1-0.7

(︀

where 𝐹1 (·) and 𝐹2 (·) are the functions of the intermediate
layer of 𝐷1 and 𝐷2 , respectively. The autoencoder and the
two discriminators are trained simultaneously.

3.5

Outlier Detection

Upon training we can use the SA-GAN model to detect outliers. Taking the time series subsequence 𝑊 𝑠𝑖 = ⟨𝑠𝑖−|𝑊 |+1 ,
𝑠𝑖−|𝑊 |+2 , ..., 𝑠𝑖 ⟩ as input, the detector aims to reconstruct
𝑠𝑖 and uses the reconstruction error to compute its outlier
score Score(𝑠𝑖 ), which can be calculated as follows:
⃦
′ ⃦
Score(𝑠𝑖 ) = ⃦𝑠𝑖 − 𝑠 𝑖 ⃦1 ,

(19)

′

where 𝑠 𝑖 is the reconstruction of 𝑠𝑖 . A higher outlier score
means that 𝑠𝑖 is more likely to be an outlier.

4

TASK ASSIGNMENT

We propose a greedy algorithm based on degree reduction by
transforming task assignment into a bipartite graph matching.

4.1

Bipartite Graph Generation

We first transform the task assignment problem in time instance 𝒯 into a bipartite graph. The graph is represented
by 𝐺 = (𝑉, 𝐸), where 𝑉 includes a left node set 𝑊 (that
is the worker set in time instance 𝒯 ) and a right node set
𝑇 (that is the task set in time instance 𝒯 ), and 𝐸 denotes
the set of edges. Each node 𝑤 ∈ 𝑊 (𝑡 ∈ 𝑇 ) has an arrival
time denoted by 𝑤.𝑎 (𝑡.𝑎), and a deadline denoted by 𝑤.𝑑
(𝑡.𝑑). Each edge 𝑒(𝑤, 𝑡) ∈ 𝐸 has a basic utility denoted by
𝑈 (𝑤, 𝑡), which is application-specific and can be set by task
reward, spatial distance, etc. Inevitably, in crowdsourcing
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Figure 4: The Process of Greedy Algorithm

applications, malicious workers and invalid tasks may exist.
In such situations, workers cannot finish the assigned tasks
on time or cannot complete the tasks correctly. Therefore, we
consider the outlier factor in task assignment. More specifically, each (𝑤, 𝑡) pair has an outlier-based utility, denoted by
𝒰(𝑤, 𝑡) = (1− max{Score(w .𝑤), Score(t.𝑡)}) * 𝑈 (𝑤, 𝑡), where
𝑚𝑎𝑥{Score(w .𝑤), Score(t.𝑡)} denotes the maximum outlier
score among worker 𝑤 and task 𝑡 that can be calculated by
the SA-GAN outlier detector in Section 3. A worker-task
pair with a lower outlier score is more likely to have a higher
outlier-based utility. Note that there is no need to consider
the edges 𝑒(𝑤, 𝑡) with [𝑤.𝑎, 𝑤.𝑑) ∩ [𝑡.𝑎, 𝑡.𝑑) = ∅ for matching
since in this case one node expires before the other arrives.
A task assignment on a bipartite graph 𝐺 is denoted by
𝐴 = {(𝑤, 𝑡)|𝑤 ∈ 𝑊, 𝑡 ∈ 𝑇 }. It is a set of node pairs where
each node appears at most once.
Figure 3 shows a worker-task bipartite graph, where {𝑤1 , 𝑤2 ,
𝑤3 } is the left node set, and {𝑡1 , 𝑡2 , 𝑡3 , 𝑡4 } is the right node set.
An edge exists between 𝑤𝑖 (𝑖 = 1, 2, 3) and 𝑡𝑗 (𝑗 = 1, 2, 3, 4)
when [𝑤𝑖 .𝑎, 𝑤𝑖 .𝑑)∩[𝑡𝑗 .𝑎, 𝑡𝑗 .𝑑) ̸= ∅. For example, 𝑤1 and 𝑡2 has
an edge (with the outlier-based utility (1 − 0.8) * 0.3 = 0.06)
between them as [1, 3) ∩ [1, 2) ̸= ∅.
To optimize the total utility of normal workers and tasks,
we aim to maximize the total outlier-based utility, which gives
priority to normal workers and tasks during task assignment.

4.2

w1
t1
t2

remove
t1, w1

Degree-Reduction-based Greedy
Algorithm

The greedy algorithm is to utilize a degree reduction strategy,
which consists of the following steps.
Step 1. Calculate the degree of each node.
Step 2. Find the node 𝑣 ∈ 𝑊 ∪ 𝑇 with the minimal degree,
and denote the nodes that are connected with 𝑣 as 𝐶(𝑣), i.e.,
∀𝑢 ∈ 𝐶(𝑣), 𝑒(𝑣, 𝑢) exists. Then perform the following actions.
1) If node 𝑢 ∈ 𝐶(𝑣) with the maximal weight can be
found, (𝑣, 𝑢) is a worker-task matching and added into task
assignment 𝐴. Nodes 𝑣 and 𝑢 are then removed from 𝑊 ∪ 𝑇 .
Update the degree of nodes in 𝐶(𝑣) and 𝐶(𝑢), i.e., the degree
of all the nodes in 𝐶(𝑣) and 𝐶(𝑢) should be reduced by 1.
2) Otherwise (i.e., 𝐶(𝑣) = ∅), node 𝑣 is removed from
𝑊 ∪ 𝑇 . Update the degree of nodes in 𝐶(𝑣).
Step 3. Repeat Step 2 until 𝑊 ∪ 𝑇 = ∅.
The intuition of the above algorithm is that the nodes
with less edges are more likely to be assigned unsuccessfully
when they are assigned later, so we give priority to them. The
time complexity for this algorithm is 𝑂((|𝑊 | + |𝑇 |) * |max 𝐶|),
where |max 𝐶| = max𝑣∈𝑊 ∪𝑇 |𝐶(𝑣)|.

Figure 4 illustrates the degree reduction process for the
worker-task bipartite graph in Figure 3, which first removes
nodes 𝑤3 and 𝑡4 since 𝑤3 is the node with the minimal degree
and 𝑡4 ∈ 𝐶(𝑤3 ) (𝐶(𝑤3 ) = {𝑡4 }) has the maximal outlierbased utility. Then we add the worker-task pair (𝑤3 , 𝑡4 ) into
the task assignment 𝐴, i.e., 𝐴 = {(𝑤3 , 𝑡4 )}. Accordingly,
𝑤3 and 𝑡4 are removed from the graph, and the degree of
nodes in 𝐶(𝑤3 ) and 𝐶(𝑡4 ) are reduced by 1. Subsequently,
nodes 𝑤2 , 𝑡3 , 𝑡1 , 𝑤1 , 𝑡2 are removed, respectively, following the
principle of Step 2. Finally, we obtain the task assignment
𝐴 = {(𝑤3 , 𝑡4 ), (𝑤2 , 𝑡3 ), (𝑤1 , 𝑡1 )}.

5

EXPERIMENTAL EVALUATION

We evaluate the performance of the malicious workers and
invalid tasks detection, and the task assignment. Due to the
lack of benchmark for streaming crowsourcing task assignment algorithms, we use two real multivariate time series
datasets, MSL and SMAP [12], to simulate the streaming
crowdsourcing scenario. The consecutive points with multiple
dimensions in the real time series data are good candidates for
workers and tasks (with multiple features) which appear continuously and in time sequences on crowdsourcing platforms.
The datasets are described in Appendix B.1.

5.1

Performance of Malicious Workers
and Invalid Tasks Detection

Evaluation Methods. We evaluate the following methods:
VAE [15], EncDec-AD [19], GANomaly [1], BeatGAN [41],
SA-GAN-Random (our SA-GAN model using the random
strategy to update the socially aware degree), and SA-GANLearn (our SA-GAN model using the learning rate based
strategy to update the socially aware degree), where the
details are given in Appendix B.2.
Metrics. We adopt the commonly-used metric, F1 -score
(F1 ), to evaluate the accuracy of the six methods, where the
outlier threshold selection is shown in Appendix B.3. The
larger the F1 is, the more accurate the method is. We also
evaluate the efficiency, including the training and testing
time. The parameter settings are shown in Appendix B.4.
Table 1: F1-score on Two Datasets
Models
VAE
EncDec-AD
GANomaly
BeatGAN
SA-GAN-Random
SA-GAN-Learn

MSL
0.361
0.243
0.317
0.308
0.335
0.363

F1
SMAP
0.332
0.193
0.327
0.304
0.349
0.357

Total
0.336
0.199
0.325
0.323
0.354
0.331

Accuracy. We report the F1 values in Table 1. The
best performance by an existing method (VAE, EncDec-AD,
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Figure 5: Training Time and Testing Time
GANomaly, and BeatGAN) is underlined, and the overall
best performance is marked in bold. We also calculate the
total F1 values, which is computed based on the total number of correctly detected outliers, the total number of falsely
detected outliers, and the total number of falsely assigned
normal entities on the two datasets. For both datasets, SAGAN-Learn achieves the highest F1-score, which outperforms
the best among the baseline methods by 0.55% and 7.53%
in MSL and SMAP, respectively. SA-GAN-Random achieves
competitive accuracy in MSL and has a higher F1 -score than
other start-of-the-art methods in SMAP. When considering
the total accuracy, SA-GAN-Random shows the best performance. Overall, the SA-GANs can achieve high accuracy.
Efficiency. As efficiency is important for online outlier
detection, we study the training time (of each epoch) and testing time (of each entity) for all the methods on two datasets.
From Figure 5, we can see that although VAE, GANomaly, and BeatGAN take less time for training and testing,
they perform worse than the SA-GANs in terms of accuracy,
shown in Table 1. Figure 5 also shows that SA-GAN methods
run in less than a millisecond when detecting outliers, which
indicates their feasibility in real outlier detection scenarios.

5.2

Performance of Task Assignment

Evaluation Methods. We study the following algorithms
1) KM: The Kuhn-Munkras algorithm [16] that achieves
the optimal assignment without considering outliers, i.e.,
malicious workers and invalid tasks.
2) DR: The Degree-Reduction-based greedy algorithm
without considering outliers.
3) KM-Outlier: The KM algorithm considering outliers.
4) DR-Outlier: The DR algorithm considering outliers.
Metrics. Four main metrics are compared for the above
algorithms, i.e., total utility of the correct task assignments
(marked as total utility), assignment accuracy of workers
that is the ratio between the number of correct assigned
workers and the total number of assigned workers (marked as
worker assignment accuracy), assignment accuracy of tasks
that is the ratio between the number of correct assigned
tasks and the total number of assigned tasks (marked as
task assignment accuracy), and CPU time for finding task
assignments. A correct assigned worker or task means that
the assigned worker or task is normal. A larger worker or
task assignment accuracy implies more accurate assignments.
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Effect of |𝑊 |. We first study the effect of |𝑊 |. In Figures 6(a) and 7(a), the utilities for all methods naturally
increase as |𝑊 | gets larger. Although DR and DR-Outlier
generate less utility than KM and KM-Outlier, they run
much faster than KM and KM-Outlier (cf. Figures 6(d) and
7(d)). The CPU time of DR is only 6.79%–34.09% of those
of KM and KM-Outlier, and the CPU time of DR-Outlier is
only 7.90%–38.03% of those of KM and KM-Outlier, which
demonstrate the superiority of DR and DR-Outlier for solving
the streaming task assignment problem. For worker and task
assignment accuracy—cf. Figures 6(b), 6(c), 7(b), and 7(c),
the outlier-based methods (i.e., KM-Outlier and DR-Outlier)
outperform their counterparts (i.e., KM and DR) in most
situations. In some cases when |𝑊 | is small, the outlier-based
methods have similar or same assignment accuracy with their
counterparts since there are fewer outliers with fewer workers,
where the outlier-based methods fail to show their superiority.
To save space, in the following experiments, we do not report
results for SMAP, as these are similar to those obtained for
MSL. The results for SMAP are given Appendix C.
Effect of |𝑆|. In Figure 8(a), the utilities of all methods
increase when |𝑆| grows. The reason behind it is self-evident,
that is, with more tasks to be assigned, each worker receives
more available tasks such that a worker has more chance
to be assigned a task with higher utility. Apparently, KM
achieves the highest total utility, followed by KM-Outlier, DR,
and DR-Outlier. In Figures 8(b) and 8(c), the outlier-based
methods perform better than their counterparts or perform
similar with them in terms of worker and task assignment
accuracy. This is mainly because outliers are much fewer
than the normal data points (i.e., normal workers and tasks),
which is less likely to be assigned. Besides, it is difficult to
detect all the outliers correctly by outlier detection methods
including our SA-GAN outlier detector, which also leads to
the above results. For efficiency, the DR-related methods still
run much faster than the KM-related methods in Figure 8(d).
Besides, the CPU time of DR and DR-Outlier remain almost
unchanged regardless of |𝑆|, demonstrating the adaptability
of DR-related methods in different data-intensive scenarios.
Effect of 𝑥. We proceed to consider the effect of 𝑥, the
valid time of workers and tasks. As expected, the total utilities of all methods increase gradually as 𝑥 grows, shown in
Figure 9(a). This is because when 𝑥 increases, there will be
more available tasks for each worker. Workers then have more
choices, which may lead to the increasing utilities. For worker and task assignment accuracy, KM-Outlier (DR-Outlier)
clearly outperforms KM (DR) in Figures 9(b) and 9(c). Figure 9(d) shows that the CPU time of KM and KM-Outlier
exhibit an increasing trend when increasing 𝑥, and become
more and more time-consuming compared to the others.

6

RELATED WORK

Recent studies in crowdsourcing provide solutions to a variety
of task assignment problems [3–5, 17, 18, 25, 26, 29, 30, 32–
39]. However, none of these studies target robustness towards
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Figure 9: Effect
malicious actors, including malicious workers and task requesters, thus making them vulnerable to malicious behavior.
Quality assurance is a major challenge in crowdsourcing.
Specifically, tasks may be completed with poor results if
workers are malicious or if tasks cannot reasonably be completed by their deadlines or if completions carry little benefit
to workers. A few studies consider malicious user behavior [8, 13, 20, 28]. However, these studies either focus on
a specific task type or rely solely on the error rate of task
results to detect malicious workers and do not consider other
factors. Moreover, these studies do not consider malicious
task requesters and thus do not account for the combination
of malicious workers and tasks submitted by such requesters
in task assignment.
To better ensure the task assignment quality, it is attractive
to integrate mechanisms that can estimate worker and task
quality accurately, so that low-quality workers and tasks can
be disregarded. Complementing existing studies, our study
aims to detect both malicious workers and task requesters to
enable more robust task assignment in crowdsourcing.
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7

CONCLUSION

We propose a general efficient outlier detection framework
for streaming task assignment in crowdsourcing, that aims
to achieve high utility among normal workers and tasks
while considering outliers including malicious workers and
invalid tasks. Specifically, we propose an unsupervised outlier
detection architecture that enables the capture of complex
patterns and distributions in the worker and task multivariate
time series to detect malicious workers and invalid tasks.
Besides, we propose a greedy algorithm based on degree
reduction to assign tasks to suitable workers to adapt to
the real streaming corwdsourcing applications. An extensive
empirical study offers evidence that the framework is capable
of advancing the state of the art in terms of outlier detection
accuracy, assignment accuracy, and computational efficiency.
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Table 4: Negative Sampling Settings

NOTATION

Datasets
MSL
SMAP

Table 2 lists notation used throughout the paper.

𝑅
0.03
0.04

𝛿
0.05
0.01

Sampling manners
local
global

Table 2: Summary of Notation
Symbol

Definition

𝑤
𝑤.𝑤
𝑤.𝑎
𝑤.𝑑
𝑊
𝑡
𝑡.𝑡
𝑡.𝑎
𝑡.𝑑
𝑇
𝑆
𝑠
𝒯
𝑊
𝑇
(𝑤, 𝑡)
𝐴
𝑈 (𝑤, 𝑡)
𝐴.𝑈
𝐴𝑜𝑝𝑡
A

A worker
𝑘-dimensional vector describing the features of worker 𝑤
Arrival time of worker 𝑤
Deadline of worker 𝑤
A worker set
A task
𝑘′ -dimensional vector describing the features of task 𝑡
Arrival time of task 𝑡
Deadline of task 𝑡
A task set
A 𝑘-dimensional (𝑘 > 1) time series
A 𝑘-dimensional (𝑘 > 1) vector
A time instant
A worker multivariate time series
A task multivariate time series
A pair of a worker 𝑤 and a task 𝑡
A task assignment
Utility of worker-task pair (𝑤, 𝑡)
The total utility in task assignment 𝐴
The optimal task assignment
A task assignment set

B

EXPERIMENTAL SETUP

We conduct the experiments using PyTorch (v1.0.0 with
Python 3.6.4) on a Linux (EulerOS 4.8.5) machine with
NVIDIA Tesla P100 16GB HBM2 GPU and 64G memory.

B.1

Datasets

We perform experiments to evaluate the malicious workers
and invalid tasks detection on two datasets: MSL (Mars
Science Laboratory rover), and SMAP (Soil Moisture Active
Passive satellite) [12]. MSL and SMAP include training and
testing sets, where outliers in each testing sets are labeled.
We train models on each dataset, the statistics of which are
shown in Table 3 including the subset number, dimension
number, training set size, testing set size, and outlier ratio.
For evaluating the performance of task assignment, we
choose two time series (i.e., two subsets) with the similar
length from MSL and SMAP to represent the worker and task
time series, respectively. Specifically, we use the subset “T-5”
(“E-3”) in MSL (SMAP) to represent a worker time series
and the subset “T-4” (“E-6”) in MSL (SMAP) to represent
a task time series, each point denoting a worker or a task
and the vector denoting the feature vector of the worker
or the task accordingly. Since the original datasets do not
contain the arrival time and deadline of workers and tasks,
we synchronize the worker and task time series, i.e., the first
point is set to 0𝑠, and the time gap between two consecutive
points is set to 1𝑠, so that each point has a time instance that
is regarded as the arrival time of the corresponding worker or
task. Then we generate the deadline of each worker or task
from (𝑎, 𝑎 + 𝑥] randomly, where 𝑎 is the arrival time of the
Table 3: Statistics of Datasets
Dataset
name
MSL
SMAP

Subset
number
27
55

Dimension
number
55
25

Training
set size
58,317
135,183

Testing
set size
73,729
427,617

Outlier
ratio
10.72%
13.13%

worker or task, and 𝑥 (𝑥 = 2𝑠, 4𝑠, 6𝑠, 8𝑠, 10𝑠 with a default
value of 10𝑠) denotes the valid time of the worker or task. The
basic utility of each worker or task is generated randomly
from [10, 20]. Moreover, we set the granularity of a time
instance as 2000𝑠 (2500𝑠) in MSL (SMAP), during which
the available workers and tasks will be packed and input
to our framework. We run the task assignment algorithms
over 2000𝑠 (7500𝑠) in MSL (SMAP), and report the average
results.

B.2

Evaluation Methods of Malicious
Workers and Invalid Tasks Detection

We evaluate the following methods when evaluating the performance of malicious workers and invalid tasks detection.
1) VAE: a Variational Autoencoder [15], where the network
structure of VAE is same with that of SA-GANs.
2) EncDec-AD: an encoder-decoder-based seq2seq model [19], where the hidden layer is composed of LSTM units.
3) GANomaly: a conditional GAN model [1], which jointly
learns the generation of data and the latent space.
4) BeatGAN: a GAN model [41], which employs an adversarial generation approach to reconstructed data.
5) SA-GAN-Random: our SA-GAN model using the random strategy to update the socially aware degree.
6) SA-GAN-Learn: our SA-GAN model using the learning
rate based strategy to update the socially aware degree.

B.3

Outlier Threshold Selection

The outlier threshold is generated from the range [0, 1] with
the initial value 0 and step 0.01, which means the threshold is 0, 0.01, 0.02, ..., 1. The outlier score of each method is
normalized to the unit interval using min-max scaling. We
compute the F1 value with each threshold and report the
best F1 value.

B.4

Parameter Settings

Parameter settings of Malicious Workers and Invalid
Tasks Detection. For all models, we use Adam as the optimizer, of which the momentums 𝛽1 is set to 0.9 and 𝛽2 is set
to 0.999. The batch size, sequence length, and the number of
training iterations are set to 50, 128, and 20, respectively. The
settings (including sampling ratio 𝑅, deviation of negative
samples 𝛿, and sampling manners) of negative sampling is
shown in Table 4.
For SA-GANs, the learning rate of two discriminators are
set to 0.0003, and that of the autoencoder is set to 0.001.
We set 𝜆1 = 1 and 𝜆2 = 1 in MSL, and 𝜆1 = 1 and 𝜆2 = 0.1
in SMAP. Next, we elaborate the detailed settings of the
autoencoder and two discriminators in SA-GANs.
In the autoencoder, 𝐺1 consists of three parts: the basic
encoder part, the mean part, and the standard deviation
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Value

Number of workers |𝑊 | (MSL)
Number of workers |𝑊 | (SMAP)
Number of tasks |𝑆| (MSL)
Number of tasks |𝑆| (SMAP)
Valid time 𝑥 of workers and tasks
(MSL/SMAP)

500, 1000, 1500, 2000
500, 1000, 1500, 2000, 2500
500, 1000, 1500, 2000
500, 1000, 1500, 2000, 2500
2s, 4s, 6s, 8s, 10s

part. The kernel’s size and number of each layer of the basic encoder part are 32(4/2/1) − 64(4/2/1) − 128(4/2/1) −
256(4/2/1)−512(4/2/1), along with the mean part 128(4/1/0)
and the standard deviation part 128(4/1/0), where 32(4/2/1)
means that the number of filters is 32, the size of each
filter is 4, the stride is 2, and the padding is 1. 𝐺2 consists of six one-dimensional transposed convolutional layers,
i.e., 512(4/1/0) − 256(4/2/1) − 128(4/2/1) − 64(4/2/1) −
32(4/2/1) − 𝑀 (4/2/1), where 𝑀 is the number of dimensions
of the input data. For two discriminators, 𝐷1 and 𝐷2 have
the same structure with the basic encoder part, and have a
layer with the structure of 1(4/1/0) and Sigmoid activation.

Effect of 𝑥. We also study the effect of 𝑥 for SMAP. As
can be seen in Figures 11(a), 11(b), and 11(c), KM-Outlier
and DR-Outlier can achieve higher worker/task assignment
accuracy than KM and DR, respectively, while sacrificing
some utilities. The efficiency of DR-related methods is stable
regardless of 𝑥, while KM-related methods deteriorate at a significantly faster pace in respect of efficiency, which are shown
in Figure 11(d). Overall, our proposed DR-Outlier method
can provide an excellent trade-off between effectiveness and
efficiency.
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Total Utility

Table 5: Parameters Settings in Task Assignment
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Figure 10: Effect of |𝑆| on SMAP
Parameter settings of Task Assignment. Table 5
shows the parameter settings of the task assignment phase,
where the default values are underlined on both MSL and
SMAP.
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EXPERIMENTAL RESULTS FOR
SMAP

We give the results of effect of |𝑆| and 𝑥 for SMAP in Figures 10 and 11.
Effect of |𝑆|. As expected, the total utilities of all methods
increase as |𝑆| grows (see Figure 10(a)). This is because that
with more tasks to be assigned, workers tend to have more
available tasks to choose to increase the total utilities of
of the correct task assignments. Figures 10(b) and 10(c)
show that the methods considering outliers, i.e., KM-Outlier
and DR-Outlier, perform better than their counterparts in
terms of worker and task assignment accuracy. For efficiency,
Figure 10(d) shows that our DR-related methods have great
superiority compared with the others.
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Figure 11: Effect of 𝑥 on SMAP

KM-Outlier
DR-Outlier

100

0.98

6

(b) Worker Assignment Accuracy

(c) Task Assignment Accuracy
1

4

Valid Time (s)

0.98

(a) Total Utility

0.65

KM-Outlier
DR-Outlier

0.66

2500

KM-Outlier
DR-Outlier

0.66

2

CPU Time (s)

20k

0.67

Task Assignment Accuracy

KM-Outlier
DR-Outlier

Worker Assignment Accuracy

Total Utility

KM
DR

KM
DR

10

(a) Total Utility
30k

0.67

10

