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Abstract—Sharing a service among multiple users could bring benefit to users by reducing their service price and also benefit service

providers by allowing them to make more profit. Shared services usually have a capacity limit. To construct a win-win situation

between users and providers through service sharing, it is necessary to reasonably organize users with similar service requests into

groups under the limits of group sizes. This paper explores methods to enable user grouping for sharing services with the limit on

the group size. Based on user request descriptions and evaluation, a connection relation is built to present which two users could

be in a group. Semi-groups can be derived from the connection relation and two grouping schemes satisfying the group size limit

are further determined through proposed algorithms to meet different service expectations. Finally, a case study and a simulation

are given to demonstrate the effectiveness of the proposed methods in grouping users to provide higher service benefits to both

users and providers.

Index Terms—Service sharing, grouping, services with capacity limit, asymmetric similarity

Ç

1 INTRODUCTION

SERVICE Computing is an important enabling technique
for various services desired by business activities and

scientific applications [1]. Similar to web services, more and
more services in the physical world involve service comput-
ing [2], [3]. With a smart device connected to Internet, a user
could place a service request [4], [5], [6], [7], or select a ser-
vice from ones published by providers [2], [6], [7], [8], [9].
Example services can range from ones involving web access
such as online music downloading to offline ones such as a
container shipment.

Some services can be shared by multiple users to bring
benefits to both users and providers. Users could get a
lower price and obtain more personalized services through
group advantages [2], [3], [10], [11], [12], [13], while pro-
viders of the shared services could possibly gain higher
profits by attracting more users to reduce the cost and
develop new customized products [14], [15]. For example,
when multiple users share a taxi, each user can pay much
lower fee compared to taking the taxi alone. During the
peak hours, there are not enough taxies to serve user
requests. By offering a discount, a taxi could attract more
users to share the service and make more money. In this

scenario, sharing may bring in more profit to a taxi com-
pany and even the whole taxi industry. Many mobile trans-
portation platforms such as Uber, Lyft, and Didi provide
customers the option for carpooling. As another example,
multiple tourists could require a company to make a cus-
tomized trip plan rarely provided for a single user and such
a group service could be found at Ctrip, FiendlyPlanetTra-
vel, BobNeffTours, etc. Other sharing examples with simi-
lar benefits could be found in the data center with co-
leasing services, container shipping services, group pur-
chasing services, product customization services, and so
on. Generally speaking, sharing a service among multiple
users means this service could be taken by them during the
same period. Services to be shared usually have a capacity
limit and the total service capacity could be divided into
multiple sharing units.

The significance and advantage of sharing services
among multiple users have been explored in some recent
literature. Wang et al. [2] propose a scheduling algorithm
to match customer requirements with multiple service
resources for different sharing types, with the goal of max-
imizing the requirement satisfaction degree and service
utilization rate while reducing the service sharing cost.
Dou et al. [11] propose a multi-criteria decision method,
named AHP, to translate multiple individual preferences
into a unified group weight vector to quantitatively evalu-
ate services for the group and select one with the largest
group benefit. Salam�o et al. [16] present nine different
consensus strategies to recommend different product lists
for a group of users based on user preferences to candidate
products.

Existing academic research and industry technologies on
service sharing mainly focus on how to provide a satisfying
service for a given group, while ignoring the important
issue of assembling users into groups. Although Apps such
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as Uber, Lyft, and Didi can group users with the same
routes by matching their sources and destinations, few
requirements on service quality are considered in the
grouping, which affects the user experience to some extent.
To share a service among multiple users, it is necessary to
group users based on their request similarity, where a
request should include the requirements on QoS features.

Although there are many studies on service clustering and
user clustering, these methods are not generally based on
user requests and hard to apply in user grouping for service
sharing. Service clustering [17], [18], [19] partitions candidate
services into multiple classes based on functional or/and
non-functional descriptions of services to promote effective
and efficient service discovery and selection. A service is gen-
erally described through multiple features with each repre-
sented by a single value and the similarity between services is
not relevant to user preferences. In a service sharing scenario,
however, multiple acceptable values could be provided for a
single feature and user preferences are very important for
similarity computing. User clustering [20], [21], [22], [23] is
mainly used to gather users into communities based on user
profiles such as consuming history and preferences but not
specific service requests. As users in the same community
may have different requirements on services and may not
want to share the service, the methods proposed for user
clustering can hardly be used for service sharing.

Despite the potential of service sharing in providing sig-
nificant benefits to both users and providers, there lacks a
method to effectively group users with similar requests for
sharing services with capacity limit. The aim of this work is
to develop such a grouping method to decrease the price for
users grouped and increase the profit for providers through
service sharing. Specifically, a connection relation can be
used to guide the user grouping. For a pair of users, the
connection relation indicates if the two users can accept
each other as a group member. It can be obtained based on
user request descriptions and evaluation. In this paper,
we propose two algorithms to group users based on the con-
nection relation for different benefits.

The rest of this paper is organized as follows: Section 2
analyzes the related work based on a basic grouping proce-
dure. Section 3 gives some necessary definitions to describe
the problem. Section 4 presents a user request evaluation
method to build a connection relation. Section 5 puts for-
wards algorithms to obtain final grouping schemes based
on the connection relation. Section 6 provides a way to get
group consensus. We illustrate our method through a case
study and present our performance evaluations in Section 7.
Finally, Section 8 concludes this paper.

2 BASIC PROCEDURE FOR USER GROUPING AND

RELATED WORK

Generally, a service broker can run an algorithm to group
users based on their requests, which can be sent from com-
puters or smart devices over wired or wireless networks.
The broker can select a suitable service according to the
service requirement of a group from registered services and
send the information back to users so that they can share
the selected service online or offline. Depending on the com-
pany business need and IT infrastructure, the service broker

can run in a local server or in a cloud belonging to the third
party. Our service grouping algorithm is designed to be
simple to implement.

With the input of requests from different users, the final
grouping result should indicate which users form a group
and provide a unified requirement description for each
group to select a shared service. Based on user requests, the
grouping mainly involves three basic steps.

� Step I: Evaluate similarity between user requests;
� Step II: Group users based on the similarity;
� Step III: Achieve a consensus for each group.
In a service sharing scenario, a user request generally

consists of two parts, service requirements [2], [5], [7], [24]
related to the shared service and grouping context related to
group members who share the service. Specifically, a service
requirement includes expected values and importance levels
on each QoS feature; and grouping context includes member
requirements and user information. Due to the complexity in
request descriptions, it is hard to employ current similarity
computing and clustering methods on user grouping for
service sharing. The relatedwork is analyzed as follows.

2.1 Similarity Evaluation

Two users could be in a group only if they have similar ser-
vice requirements and compatible grouping context. The
grouping context of two users is considered to be compati-
ble only if one satisfies the requirements of the other mem-
ber and vice versa, which could be easily checked based on
user requests. However, similarity computing between ser-
vice requirements is much more complicated.

The similarity between two objects described by a set of
features is usually measured through Minkowski distance,
Mahalanobis distance, Cosine similarity, Jaccard similarity,
etc. Euclidean distance [19], [25], [26] is one ofmost commonly
used metrics, where two objects described by n features are
considered as two vectors in the Euclidean space. In [19], QoS
similarity among a group of candidate services is computed
based on different feature values and the same weights to get
service clusters for more efficient service selection. In [25],
QoS similarity between candidate services and an initial ser-
vice is evaluated to get an alternative service. In [26], QoS sim-
ilarity between values from providers and consumers is
calculated to get the reputation of services. Pearson correla-
tion coefficient [22], [23] is another common way to evaluate
the similarity, where a user can predict the quality of an
unused service based on the feedbacks from users who share
similar opinions for other used services.

The similarity between service requirements, however, is
hard to be measured through above methods. A service
requirement is described through expected values and dif-
ferent importance levels on each QoS feature and both of
them should be considered for the similarity evaluation.
Unfortunately, most existing research computes the similar-
ity only based on feature values [27], [28].

In an example scenario with two QoS features ðf1 and f2Þ,
user A and user B have exactly the same expected values on
f1 but totally different values on f2. Considering the different
importance levels that A and B would place on the two fea-
tures, the similarity has many possibilities. If both A and B
think f1 is muchmore important than f2, they would feel that
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they have similar requirements. In contrast, if they both take
f2 as the more important one, they would think their require-
ments are not similar. Moreover, the similarity would be
asymmetric if users have opposite opinions on importance
level of a feature. Suppose that A think f1 is more important
while B thinks f2 is more important, then A would feel their
requirements are similar while Bwould not.

Despite various existing measures in evaluating the simi-
larity, they [19], [25], [26], [27], [28] did not consider the dif-
ference in setting importance levels of features for two
objects, which cannot effectively capture the service require-
ment similarity as shown in the above cases. Moreover, dis-
tance or similarity is mostly computed based on features
with a single value [19], [25], [26], [27], [28], while it is
highly possible that the value requirement on a QoS feature
lies within a range which makes these methods fail.

We propose in Section 4 a similarity evaluation method
based on both expected values and importance levels of
QoS features. For each pair of users, two similarity values
are obtained to describe their feelings about the similarity to
each other and this is a challenge for clustering.

2.2. User Grouping

Besides the challenge brought by two similarity values
between two users, the capacity limit of a service is another
issue we should handle. Generally, there is a restriction on
the maximum number of members in a group for service
sharing. For taxi sharing, four is usually set as the maximum
number. Moreover, the determination of the minimum
group size needs to consider the profit. For example, a travel
company may customize its trip plan only for a group more
than ten people.

Existing research provides lots of valuable clustering
methods while few of them solve the two critical issues, the
asymmetric similarity and the group size limit. K-means
clustering is one of the most commonly used methods [20],
[28], [29], [30] to get k clusters by minimizing the sum of the
squared distance between objects and their corresponding
cluster centroids. Fuzzy c-means clustering (FCM) is similar
to K-means but allows an object to belong to more than one
cluster [22], [31], [32]. Membership level of an object in a
cluster is applied in FCM to calculate weighted distance in
the objective function. Spectral clustering [20], [33] views
objects as vertices in the weighted graph and reformulates
the clustering as a graph partitioning problem, where the
weights of edges correspond to the similarity between two
objects. Hierarchical clustering [20], [23], [27], [28] organizes
objects into a hierarchical structure through divisive meth-
ods or agglomerative methods, where the former decom-
poses objects into smaller clusters from up to down and the
latter merges objects into bigger clusters from down to up.
Density-based clustering [19], [34], [35] classifies objects
into core points and border points with respect to parame-
ters Eps and MinPts and then starts from the core points
to find clusters through density-reachability and density-
connectivity.

These studies clustermost similar objectswith orwithout a
limitation on the number of clusters, paying little attention to
the limit of the cluster size necessary to obey for service shar-
ing. Moreover, the two similarity values between each pair of
users make these methods fail too. To address this issue, we

consider setting proper thresholds to identify high similarity
and then transfer the asymmetric similarity into a unified
Boolean value. A connection relation could be achieved based
on Boolean similarity and compatibility. Based on a group
size limit, we propose two grouping algorithmswith different
benefits to obtain reasonable grouping results from the con-
nection relation in Section 5.

2.3 Group Consensus Achievement

For most clustering studies [20], [27], [28], [36], a final result
is a grouping scheme where all objects are clustered into
disjoint groups. For user grouping oriented to service shar-
ing, however, a consensus on a unified group service
requirement should be further determined for each group,
where a group service requirement also consists of both
expected values and importance levels of each feature.

The way to achieve a consensus for a group of users is
discussed in many studies. The authors in [11] put much
effort on the weight or preference determination of each fea-
ture for achieving a group consensus while they discuss lit-
tle about expected values. Reference [16] presents nine
different strategies to get a consensus on a recommendation
list, while the object to evaluate is a whole product but not
detailed feature descriptions. Reference [37] groups users to
obtain a consensus, considering both values and importance
levels. However, the value of a QoS feature is represented
through a trapezoidal fuzzy number which is hardly used
for all feature types of QoS. Moreover, the importance level
is represented through the preference order, which can only
provide relative importance (i.e., feature A is more impor-
tant than feature B), but is hard to represent how much
more important A is than B.

As current research generally cannot provide sufficient
support to achieve a consensus on both expected values and
importance levels of QoS feature, we introduce a negotia-
tion mechanism in Section 6 to obtain an acceptable consen-
sus on the group service requirement for each group.

3. GROUPING FRAMEWORK BASED ON USER

REQUEST DESCRIPTIONS

In order to form efficient service sharing groups, it is impor-
tant for users to properly present their service requests. In
this section, we introduce some basic rules to describe user
requests and then provide a grouping framework.

3.1 Describing User Requests

A request consists of two major parts, a service requirement
and grouping context. Different service requirements and
grouping context would bring users into multiple different
groups.

A service requirement may include multiple features,
each containing a value range. For example, the price of a
service may range from fifteen to thirty dollars and the
requirement of a user could range from fifteen to eighteen;
the location where a service is executed may be among
several buildings of a block and the requirement of a user
could be on certain floor of a building; etc. We use
SF ¼ fsfi j i ¼ 1::ng to represent the set of service quality
features. Moreover, SFVR ¼ fSfvri j i ¼ 1::ng represents the
value ranges of features in SF . The actual value range of
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Sfvri is considered as a set and could be determined based
on data published by service providers.

For the set of users who need to share a certain type of ser-
vice, it is represented as U ¼ fup j p ¼ 1::tg. A user may pro-
vide several acceptable values and an importance level for
each sfi and such a service requirement is defined as follows.

Definition 1 (SR). SR ¼ fSrp ¼<Vp; Kp; Wp> j p ¼ 1::tg
represents service requirements for each user in U , where

� Vp ¼<Vp1; Vp2; . . .Vpi . . . ; Vpn> ; Vpi represents the
range in which up expects the value of sfi of the shared
service to be, Vpi � Sfvri; i ¼ 1::n.

� Kp ¼ fsfi j sfi is a key feature and must be satisfied
for up; sfi 2 SFg.

� Wp ¼<wp1; wp2; . . .wpi . . . ; wpn> ; wpi represents
the importance level of sfi for up, wpi 2 ½0; 1�,Pn

i¼1 wpi ¼ 1, i ¼ 1::n.

If up and uq are in the same group, they must have consis-
tent expected values on Kp and Kq. For example, if Kp \
Kq ¼ fsf1g; Vp1 ¼ fong, Vq1 ¼ foffg, up and uq cannot be in a
group as no service can satisfy both of them.

As analyzed in Section 2, the similarity between two ser-
vice requirements is described as two asymmetric values. For
a user up, there is usually a threshold on the acceptable simi-
larity, i.e., up can accept uq as his/her group member only
when the similarity of Srq to Srp is above the given threshold.

Definition 2 (THR). THR ¼ fthrp j thrp 2 ½0; 1�; p ¼ 1::tg
represents similarity thresholds for each user in U .

A default threshold value could be set based on the mean
value for the users who do not provide thresholds. Besides,
the user can increase the threshold if the group consensus
does not satisfy him/her or decrease it if he cannot get
grouped.

Besides SR related to the shared service, a user may have
requirements on members who share the service. The set of
user features is represented as UF ¼ fufi j i ¼ 1::mg and
UFVR ¼ fUfvri j i ¼ 1::mg represents the value ranges of
features in UF .

Definition 3 (GC). GC ¼ fGcp ¼<MRp; UVp> j p ¼ 1::tg
represents the grouping context for each user in U , where

� MRp ¼<Mrp1; Mrp2; . . .Mrpi . . . ; Mrpm> ; Mrpi
means the range in which up expects the value of ufi
of users in the same group to be, Mrpi � Ufvri; i ¼
1::m.

� UVp ¼<Uvp1; Uvp2; . . .Uvpi . . . ; Uvpm> jUvpi repre-
sents the value of up on ufi, Uvpi � Ufvri; i ¼ 1::m.

Sometimes, a user may refuse to provide some personal
information for reasons such as privacy concerns, which
might make this user lose the chance of joining some groups.

3.2 User Grouping Framework

Based on user requests described through SR, THR, and GC,
a final result GROUP could be obtained based on the limit
of the group size. minN and maxN are used to represent the
minimum and maximum numbers of members in a group,
which are usually set according to the limitation on the
profit and the capacity of services.

Definition 4 (GROUP). GROUP ¼<GM; GSR> repre-
sents the final result for grouping users in U , where

� GM ¼ fGmw ¼ fup j p 2 ½1; t�g jGmw represents the
set of members from the wth group, where each mem-
ber in Gmw satisfies that the similarity to Srp is higher
than thrp and the corresponding grouping context is
compatible with u0ps; Gmw \Gmw0 ¼ ? ðw 6¼ w0Þ,
minN � jGmwj � maxN; w ¼ 1::zg.

� GSR ¼ fGsrw ¼<Gvw; Gkw; Gww> jGsrw repre-
sents the group service requirement of the wth group,
w ¼ 1::zg

The type of services we consider is the one that a user
won’t benefit from multiple service times or resources.
Thus, we set the constraint that groups in GM are mutually
exclusive, and each user can join only one group to get a
shared service. Note that the union of all groups in GMmay
not equal U as some users may not be in any groups. Also, z
is not a constant and its value depends on the grouping pro-
cess. Fig. 1 provides a framework to get a final grouping
result based on well-defined user requests. As requests usu-
ally come at different time, the grouping can be activated
for a given time window or when reaching a pre-set number
of requests. Generally, grouping can generate more benefits
when there atre enough normal requests besides t sharing
requests, such as taxi sharing during the peak hours. With a
grouping scheme, a subset of services may target for group
users while the remaining services could still be provided
to single users.

In Step I, A connection relation could be built based on
the evaluation on similarity and compatibility between each
pair of users. The compatibility of grouping context could
be easily checked by matching UV to MR, while the similar-
ity of service requirements is more complicated. As ana-
lyzed in Section 2, both Vp and Wp should be considered for
the similarity between up and another user. Thus, the simi-
larity between every two users is described through two

Fig. 1. The framework of user grouping.
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values, which makes the general clustering methods based
on a single value fail. Based on given thresholds from users,
the two similarity values between every two users could be
transferred to a Boolean value, which indicate whether
these two users accept each other as a member. The detailed
evaluation method is presented in Section 4.

In Step II, given a connection relation and a group size
limit, there may be multiple candidate grouping schemes.
We present two grouping algorithms in Section 5 for differ-
ent grouping benefits.

In Step III, with the determined grouping scheme GM,
the consensus on GSR need to be achieved and the detailed
method is discussed in Section 6.

4 BUILDING A CONNECTION RELATION BASED

ON REQUEST EVALUATION

According to given SR, THR and GC of t users, the service
requirement similarity and the grouping context compati-
bility could be obtained for each user pair and a connection
relation on U could be built. Then grouping operations
could be further performed.

The similarity of service requirements between two users
could be computed through two steps, the consistency eval-
uation on key features and similarity computing between
consistent user pairs.

The service requirement consistency between users up
and uq is determined based on their requirements on com-
mon key features. If Vpi equals Vqi for each sfi in Kp \Kq,
service requirements of up and uq are consistent. Users with
conflicting service requirements should not be in a group as
it is hard to select a service satisfying all their requirements
on key features, as analyzed in Section 3.

After evaluating the service requirement consistency
between up and other users, the service requirement similar-
ity between up and ones whose key features are consistent
with Kp could be further computed. If there is another user
uq whose Vq and Wq are exactly the same as Vp and Wp, up

and uq would be perfect group partners. However, such
a case is infrequent. More common cases are users have
similar but not the same Vp and Wp. In these cases, it is nec-
essary to compute the similarity with the considerations of
both expected values and weights of each feature.

For a feature sfi, the requirement similarity between up
and uq could be computed by Equation (1). If Sfvri is a set
represented as [lower value, upper value], the size of the
intersection and the union of Vpi and Vqi could be computed
according to each set range, respectively.

simp�q;i ¼ simq�p;i ¼ jVpi \ Vqij=jVpi [ Vqij; i ¼ 1::n: (1)

For example, suppose that sf1 means price and its value
range is [10, 50], Vp1 ¼ ½20; 30� and Vq1 ¼ ½10; 25� are two
possible expected value ranges for sf1 and the correspond-
ing simp�q; 1¼ ð25� 20Þ=ð30� 10Þ ¼ 5=20 ¼ 0:25.

Given Vp and Vq, Wp and Wq, the service requirement
similarity of uq to up, could be computed as:

simq;p ¼
Xn

i¼1
wpisimq�p;i: (2)

Despite that simp�q;i and simq�p;i are equal, the similarity
between up and uq has many possibilities because of

different Wp and Wq. For example, given simp�q;1 ¼ 1 and
simp�q;2 ¼ 0, general similarity computing methods without
weight consideration do not take this case as the similar
one, while it could be similar requirements with certain
weight settings. Table 1 presents some possible cases. In case
�1 , up and uq would think they have similar requirements
and are willing to be in a group. Even if the selected shared
service may dissatisfy one of them on sf2, it is acceptable as
they both get satisfied on the much more important feature
sf1 and take the advantage of grouping.

Generally, users have different weight settings on fea-
tures and the similarity between two users is described
through two different values, as Table 1 shows. With given
thresholds, users can find acceptable partners based on the
asymmetric similarity.

On the other hand, users with similar service require-
ments cannot be grouped together if they do not have com-
patible grouping context. Based on the similarity and the
compatibility between users, a connection relation denoting
which two users could be in a group can be determined.

Definition 5 (CR). CR ¼ f<up; uq> j simp; q � thrq;
simq; p � thrp; comp; q ¼ comq; p ¼ 1; p; q 2 ½1; t�g represents
the connection relation on U .

Definition 6 (SU). SU ¼ fSup ¼ fuq j <up; uq >2 CRg j
p ¼ 1::tg represents the candidate group members for each
user.

Obviously the binary relation CR is symmetric but not
transitive. As Fig. 1 shows, Su2 ¼ fu9g and Su9 ¼ fu2; u5;
u12; u14g; u9 could group with u2 and u5 respectively but u2

and u5 cannot be in a group.
WeprovideAlgorithm1 (time complexity isOðt2maxðn2;mÞÞ

to obtain Sup for each user and CR can be easily obtained
based on SU. To get a t	t similarity matrix, the consistency
between any two users up and uq is first evaluated by com-
paring Vpi and Vqi for each sfi in both Kp and Kq. Then the
similarity is computed only for the consistent user pairs
according to Equations (1) and (2). To get a t	t compatibility
matrix, each pair of users is checked by matching grouping
context. There are two situations that up does not satisfy u0qs
requirement on certain ufi. One is that the values up

provided does not satisfy Mrqi; the other is that up refuses
to provide relevant values i.e., Uvpi ¼ ; and uq has special
requirement on ufi i.e.,Mrqi 6¼ Ufvri.

5 USER GROUPING BASED ON THE CONNCECTION

RELATION

In the graph corresponding to CR, users in each group
should be connected to one another and each group is

TABLE 1
Similarity Between Users Considering the Weight

simq;p Simp; q simq;p Simp; q

�1Wp ¼<0:9; 0:1> 0.9 0.8 �2Wp ¼<0:9; 0:1> 0.9 0.2
Wq ¼<0:8; 0:2> Wq ¼<0:2; 0:8>

�3Wp ¼<0:1; 0:9> 0.1 0.8 �4Wp ¼<0:1; 0:9> 0.1 0.2
Wq ¼<0:8; 0:2> Wq ¼<0:2; 0:8>
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actually a complete subgraph of the CR graph. Though lots
of grouping schemes could be obtained for a given CR, it is
very hard to get a reasonable one by directly finding groups
from the CR graph.

Algorithm 1. User Requests Evaluation and SU Building

In: t, n, m, SR, GC, THR
Out: SM ¼ fsimp; q j simp; q 2 ½0; 1�; p; q ¼ 1::tg; Sup ¼ fuq j q 2 1::tg
//Evaluate key requirement consistency between up &uq

1 for p 1 to t

2 for q pþ 1 to t

3 ifKp 6¼ ; andKq 6¼ ;
4 rcp; q  true

5 for each sfi inKp \ Kq

6 if Vpi 6¼ Vqi rcp; q  false; rcq; p  false, break

7 if rcp; q ¼ true rcq; p  true

8 else rcp; q  true; rcq; p  true

//Compute service requirement similarity between up &uq

9 for p 1 to t
10 sim p; p  1

11 for q  pþ 1 to t

12 if rcp; q ¼ false sim p; q  0; simq; p  0

13 else

14 for i 1 to n

15 compute simp�q; i according to Equation (1)

16 compute simp; q and simq; p according to Equation (2)

//Check grouping context compatibility between up &uq

17 for p 1 to t

18 for q pþ 1 to t

19 comp; q  1

20 for each ufi inMF

21 if ððMrqi 6¼ UfvriÞ and ðUvpi ¼ ;ÞÞor
ððMrpi 6¼ UfvriÞ and ðUvqi ¼ ;ÞÞ

22 comp; q  0; comq; p  0, break

23 else

24 if not Uvpi �Mrqi or not Uvqi �Mrpi
25 comp; q  0; comq; p  0, break

26 if comp; q ¼ 1 comq; p  1

//Finding candidate group members for each up ðSupÞ
27 for p 1 to t
28 Sup  ;
29 for p 1 to t

30 for q pþ 1 to t

31 if simq; p � thrp and simp; q � thrq and comp; q ¼ 1

32 Sup  Sup [ fuqg; Suq  Suq [ fupg

As any non-empty subset of the vertices of a complete
graph could still form a complete graph, the grouping
process could be deployed in two steps. Step one is to
find all semi-groups containing more than minN mem-
bers from the CR graph, i.e., the sets of complete sub-
graphs each with the maximum number of users (which
cannot be a complete graph any longer if one more user
joins in). Step two is to determine the final groups
satisfying the group size limit from these semi-groups,
where each group would be a subset of certain semi-
groups. In this step, we provide two strategies and corre-
sponding algorithms to group users with different bene-
fit considerations.

5.1 Finding Semi-Groups

Definition 7 (SemiG). SemiG ¼ fSgv ¼ fup j p 2 ½1; t�g jSgv

Sgv � CR [ IR (IR is identity relation on U), jSgvj � minN;
ð8vÞð8v0ÞSgv 6� Sgv0 ; v ¼ 1::yg represents the set of semi-
groups.

Definition 8 (InSemig). InSemig ¼ fInp ¼ fv j v 2 ½1; y�g j
Inp represents the semi-groups in which up is, p ¼ 1::tg.

Here, y is not a constant and its value depends on the group-
ing process. In Fig. 1, if minN ¼ 2, 15 semi-groups can be
found, such as fu1; u4; u16; u19g, fu1; u4; u15g, fu1; u10; u16;
u19g. If minN ¼ 4, however, only 4 semi-groups exist and 11
users are not in any semi-groups.

Each group must be a certain subset of certain semi-
groups. If a user is not in any semi-groups, he/she cannot
join any groups. In this case, modifying the request descrip-
tion or decreasing the threshold might bring the user more
opportunity.

A semi-group is in fact a maximal clique [38] in the CR
graph. The semi-group searching problem based on CR is
very similar to maximal clique generation problem in an
undirected graph, which is a classic NP-hard problem and
has some valuable solving methods [38], [39], [40]. As the
algorithm in reference [40] can get a solution with the
worst-case time complexity of Oð3n=3Þ, we modify it to get
all semi-groups, i.e., maximal cliques with members more
than minN.

In Algorithm 2, the procedure findSG(SubG_, Cand_) is
defined to find semi-groups through a depth-first search,
where an empty SubG means a new maximal clique Semig is
found and it could be a semi-group as long as it contains
more than minN users.

Algorithm 2. Semi-Groups Searching

In: t; minN; SU
Out: SemiG ¼ fSgv ¼ fup j p 2 ½1; t�g j v ¼ 1::yg

InSemig ¼ fInp ¼ f v j v 2 ½1; y�g j p ¼ 1::tg
1 findSG(SubG, Cand)
2 if SubG ¼ ;
3 if jSemigj � minN
4 v vþ 1; Sgv  Semig; SemiG SemiG [ fSgvg
5 for each uq inSgv
6 Inq  Inq [ fvg
7 else
8 find up in SubG that maximizes jCand \ Supj
9 while Cand� Sup 6¼ ;
10 choose uq from Cand� Sup
11 Semig Semig [ fuqg
12 SubG  SubG \ Suq; Cand  Cand \ Suq

13 findSGðSubG ; Cand Þ
14 Cand Cand� fuqg; Semig Semig� fuqg
15 v 0; Semig ;; SemiG ;; InSemig ;
16 for p 1 to t Inp  ;
17 findSGðU; UÞ
18 y v
19 for p 1 to t
20 InSemig InSemig [ fInpg

All semi-groups can be found through algorithm 2 and any
subsets of a semi-group with minN to maxN users can form a
final group. For example, IfminN ¼ 2 andmaxN ¼ 4, 11 final
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groups could be derived from the semi-group fu1; u4; u16; u19g
shown in Fig. 1, such as fu1; u4g, fu1; u16; u19g, fu1; u4; u16;
u19g, etc. Generally, for a set of semi-groups, multiple group-
ing schemes can satisfy the limit of the group size. It is very
hard to find the “best” one among so many candidate group-
ing schemes. First, it is hard to quantify the “best” by provid-
ing some criteria suitable for any scenarios and preferences.
Second, even there are quantitative criteria for the best one, it
is unrealistic to list all possible schemes and evaluate them to
choose the onewith the best values, especially for the scenario
with a great number of users.

With different benefit focuses, we provide two strategies
to form the final groups from obtained semi-groups.

5.2 Determining Final Groups to Have More
Users Grouped

Service providers and users involved in service sharing may
have different opinions on which grouping scheme is better.
When publishing services to share, providers often give
detailed pricing policies with a discount for a group. Given
t user requests, the total profit of a provider generally
increases along with the number of users grouped. On the
other hand, the price for a single user usually gets lower
when a group gets bigger. So service providers prefer put-
ting more users into groups to share their services, and
a single user prefers to be in a group with more members to
share a service at lower price.

It is very hard to provide a grouping scheme to satisfy
all providers and users. Considering the preferences of pro-
viders and users, there are two possible grouping options:
to put more users into groups, and to establish bigger
groups withmore members. For example, suppose SemiG ¼
ffSg1 ¼ fu1; u2; u3; u4g, Sg2 ¼ fu4; u5; u6; u7g; Sg3 ¼ fu1; u8;
u9gg is in taxi service sharing ðminN ¼ 3; maxN ¼ 4Þ. With
the strategy of getting more users grouped, GM1 ¼ ffu1;
u8; u9g; fu2; u3; u4g; fu5; u6; u7ggmight be the final scheme.
With the strategy of getting bigger groups, however,
GM2 ¼ ffu1; u2; u3; u4g; fu5; u6; u7gg might be the result,
where some users grouped could get lower price than GM1

while u8 and u9 are not in any group and get no grouping
benefit.

For providers who prefer to make more profit by attract-
ing as many consumers as possible and users who prefer a
lower risk of not being in groups, the grouping method
mainly focuses on having more users grouped. A user who
is first grouped can have more options on group members
and have higher possibility of successfully joining a group.
The user grouping order is the key issue for a result with
more users grouped, which is determined through the fol-
lowing three basic principles.

� Prin. I: the user with the least jInpj first.
� Prin. II: the user with the fewest conflict semi-groups

first.
� Prin. III: the user in a semi-group with the least num-

ber of members first.
In Prin. I, users in the least semi-groups are taken as

the candidates to be first grouped, as they have less
chance of selecting group members and may not find any
group to join if they are grouped late. Taking Fig. 1 as an
example, In3 ¼ 1 and u3 can group only with u20. If u3 is

grouped after u1 and u1 get u20 as a group member, u3

cannot be in any groups. On the contrary, if u3 is grouped
first and forms group with u20, u1 in six semi-groups still
has many options on members except u20. Sometimes,
there is more than one user with the same least jInpj.
If they are all in disjoint semi-groups, they can join in
groups by picking members in respective semi-groups.
If multiple users are in intersecting semi-groups, however,
Prin. II needs to be taken for higher possibility of getting
more users grouped.

In Prin. II, The user with the fewest conflict semi-groups
should be grouped first since it has less impact on the
grouping for other users. Given up in Sgv and uq in Sgv0 , if
Sgv and Sgv0 have common members except for up and uq,
Sgv0 is a conflict semi-group for up, as up needs to compete
for these common members with uq. Taking above SemiG ¼
ffSg1 ¼ fu1; u2; u3; u4g, Sg2 ¼ fu4; u5; u6; u7g; Sg3 ¼ fu1; u8;
u9gg for example, all users except u1 and u4 are in only one
semi-group. As Sg1 \ Sg2 ¼ fu4g and Sg1 \ Sg3 ¼ fu1g, u2

and u3 in Sg1 have two conflict semi-groups while others
have only one. If u2 and u3 are grouped first taking u1 and
u4 as group members, u8 and u9 cannot be in any group
ifminN � 3.

In Prin. III, users in semi-groups with more members
have more options and grouping users with fewer options
first can increase the probability of being grouped. In the
case of the above SemiG, Sg2 is bigger than Sg3. If group
fu4; u5; u6; u7g forms first, fu2; u3g or fu8; u9g cannot be
grouped. Finally, with these three principles, GM1 includ-
ing every user can be successfully obtained.

With the grouping order determined based on above
principles, Algorithm 3 (time complexity is Oðt4y3Þ) is
proposed to obtain a grouping scheme with more users
grouped by determining one final group for a selected
user at a time. findU() is used to select one user
ungrouped and groupU() is used to group the selected
user. The new emerged group obtained through groupU()
will bring some changes, which could be set through
renew(). The grouping process will terminate when SemiG
is empty. If Ungrouped is empty, all users in U are parti-
tioned into groups; otherwise, the users still in Ungrouped
cannot be grouped anymore since they cannot form any
semi-groups.

In groupU(), a final group would be determined from the
corresponding semi-group Sgv. If ux in Sgv also belongs to
another conflict semi-group, the average similarity in differ-
ent semi-groups needs to be computed as Equation (3) to
decide if ux should stay in Sgv to group with up.

avesimv; x ¼
X

q2Sgv;q 6¼x
ðsimq; x þ simx; qÞ=ðjSgvj � 1Þ: (3)

If the member number of T, i.e., Sgv excluding those users
who prefer another semi-group, is not between the range of
minN and maxN, the group member should be determined
by line 36 to 40. Taking the above SemiG for example again,
to group u8 (the first selected user) in Sg3, avesim1; 1 and
avesim3; 1 are computed to decide whether u1 should be
grouped in Sg1 or Sg3. In this case, as Sg3 only has minN
members, u1 must group with u8 even though avesim1; 1

may be higher than avesim3; 1.
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Algorithm 3. DeterminingGMwithmore Users Grouped

In: t, SemiG, InSemig, SM, minN, maxN, U
Out: GM ¼ fGmw ¼ fup j p 2 ½1; t�g j w ¼ 1::zg, Ungrouped
1 findU () //find the user to be grouped next from Cand
2 find users with the least jInpj as elements of Cand (Prin. I)
3 T  Cand
4 for each up in T
5 minp:no first element in Inp; minp:num jSemiGj
6 for each up in T
7 for each Sgv in Inp

//find Confp; v i.e, semi-groups conflict with Sgv for up

8 for each uqðq 6¼ pÞ in T
9 for each Sgv0 in Inq

10 if v 6¼ v0 and Sgv \ Sgv0 � fp; qg 6¼ ?

== Sgv0 is a semi-group conflict with Sgv for up

11 add Sgv into Confq; v0
12 if Sgv0 is already in Confp; v

// another user in T and Sgv0 is checked before uq

13 Confsgmv;v0 ¼ Confsgmv0 ;v ¼ Confsgmv;v0 � fqg
14 else
15 add Sgv0 in Confp; v;
16 Confsgmv;v0 ¼ Confsgmv0;v ¼ Sgv \ Sgv0 � fp; qg
17 if jConfp; vj < minp:num

//find the semi-group with the fewest conflicting
semi-groups for up

18 minp:no v; minp:num jConfp; vj
19 delete up from T
20 groupfor null,m t
21 for i 0 to jSemiGj
22 if groupfor 6¼ null break
23 for each up in Cand
24 ifminp:num ¼ i ðPrin. IIÞ
25 v minp:no
26 if jSgvj < m ðPrin. IIIÞ
27 groupfor p; m jSgvj
28 groupU() //group for the found user to get a Gw

29 up  groupfor; v minp:no; T  Sgv
30 if Confp; v 6¼ ;

///delete users who prefer not to group in Sgv
31 for each Sgv0 in Confp; v
32 for each ux in Confsgmv; v0 \ T
33 compute avesimv; x and avesimv0 ; x according to

Equation (3)
34 if avesimv; x < avesimv0 ; x
35 delete ux from T
36 if jT j<minN
37 Gmw T[ set of users with most minN- jT j avesimv; x

in Sgv � T
38 else
39 if jT j > maxN
40 Gmw  T – set of users with the least

jT j �maxN avesimv; x in T
41 else
42 Gmw  T
43 w wþ 1
44 renew() //modify variables after getting a new Gmw

45 Ungrouped Ungrouped�Gmw

46 for each Sgv in SemiG
47 if Sgv \Gmw 6¼ ?

48 Sgv  Sgv �Gmw

49 if jSgvj < minN or Sgv � Sgv0 ðv 6¼ v0Þ
50 for each up in Sgv
51 delete v from Inp

52 delete Sgv from SemiG
53 Ungrouped U; w 1
54 while SemiG 6¼ ;
55 findC(), findU(), groupU(), renew()
56 z w

5.3 Determining Final Groups to Get Bigger Groups

A main purpose for users to share a service with others is to
get the service at a lower price. This is impacted by the num-
ber of members in a group, i.e., group size. Generally, a single
user hopes to join a bigger group, but not all users can really
be in such a group and some may not be able to join any
groups.

For users who prefer a lower price to the lower risk of not
being in any groups, the grouping method mainly focuses
on increasing the group size. If a semi-group includes more
than maxN members, a biggest final group could generated
from this semi-group. “Semi-groups with more members
first” is a basic principle to get bigger groups. For example,
given SemiG ¼ ffSg1 ¼ fu1; u2; u3; u4g, Sg2 ¼ fu4; u5; u6; u7g,
Sg3 ¼ fu1; u8; u9gg, a final group fu1; u2; u3; u4g could be
first obtained but not fu1; u8; u9g. Based on this principle,
Algorithm 4 (time complexity is Oðty2Þ) is designed to find
a scheme with a bigger average group size. Although more
users may not be in any groups, this algorithm could bring
lower prices for the users who can join groups.

Algorithm 4. Determining GM with Bigger Groups

In: t, SemiG, InSemig, SM, minN, maxN, U
Out: GM ¼ fGmw ¼ fup j p 2 ½1; t�g jw ¼ 1::zg, Ungrouped
1 Ungrouped U , w 1
2 while SemiG 6¼ ;
3 //find semi-groups with most members as candidates
4 Cand ;
5 for i t to minN
6 for each Sgv
7 if jSgvj ¼ i add Sgv into Cand
8 if Cand 6¼ ; Break
9 //find the semi-group to be grouped next from Cand
10 for each Sgv in Cand
11 compute average semi-group similarity according to

Equation (4)
12 select the Sgv with biggest avesgsim
13 //group for the selected semi-group in Cand to get a Gmw

14 if jSgvj > maxN
15 Gmw  maxN members with maxN avesimv; x inSgv
16 else
17 Gmw  Sgv
18 w wþ 1
19 renew()//modify variables after getting a new Gw

20 z w

Similar to Algorithm 3, the grouping is done by deter-
mining one final group at a time and the same renew() needs
to be called when a new final group emerges; also, the ter-
minating condition is the same (SemiG is empty). Differ-
ently, the grouping is deployed from the perspective of a
semi-group but not a user. The semi-group with most mem-
bers would be selected to form a final group in each round.
If there are many semi-groups with the same most mem-
bers, the one with the biggest average semi-group similarity
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computed with Equation (4) would be selected to provide a
more consistent group service requirement.

Avesgsimv ¼
X

x2Sgv
avesimv; x=jSgv: (4)

After the semi-group is selected, it is very easy to form a
final group with maxN or all members in this semi-group,
where the members are sorted by the average similarity
computed through Equation (3) to keep the similarity in a
group as high as possible.

6 GROUP CONSENSUS ACHIEVEMENT

When multiple users assemble into a group to share a ser-
vice, their requirements need to be orchestrated into a uni-
fied group service requirement acceptable to each member
for selecting a shared service. The group service require-
ment of the wth group ðGsrwÞ includes a requirement vector
Gvw representing the required value range of each feature, a
set Gkw denoting key features, and a weight vector Gww

indicating importance levels for each feature.
To achieve the consensus on the vector of the value range

of each feature, it would be straightforward to take the
intersection of requirements from all the members as the
group requirement description. However, members in a
group might have different and even conflicting require-
ments on certain feature though they have synthetically
high similarity. It is possible that such an intersection does
not exist for a certain feature, which means that the
expected values on this feature unavoidably conflicts with
certain users’ requirements. In this case, a negotiation strat-
egy is desired to provide a reasonable feature description
acceptable to all the members. First, it is necessary to check
whether this feature is a key feature which must be satisfied
without negotiation. The requirements on a key feature of
certain users should be set as the group requirement. If no
user takes this feature as a key feature, taking the require-
ment of the user with the highest weight on this feature as
the group requirement would be comparatively acceptable
to members.

To achieve the consensus on the key features, any mem-
ber’s key feature should be taken as a key feature of the
group service requirement, which is acceptable to users
without key feature settings.

To achieve the consensus on the weight vector, the
weight for each feature is set as the average weight of all
the members. As each requirement in the group should
be equally treated, it is comparatively fair to take the
average weight. In fact, two users with highly similar
service requirements generally have comparatively high
weight on features with similar value ranges and low
weight on features without similar value ranges, so the
average weights for each feature are close to the weights
of each user to some degree.

Based on above strategies, Algorithm 5 (time complexity
is Oðwn2tÞ) is applied to achieve a wide-acceptable unified
group service requirement from multiple service require-
ments. The achieved group service requirement should be
similar to each individual service requirement of users. Spe-
cifically, the service requirement similarity of a group to a
member could be computed through Equation (5) and used

to evaluate whether the group service requirement is
acceptable to this member.

gusimw;p ¼
Xn

i¼1
wpisimGmw�up; i;

where

simGmw�up; i ¼ jGvwi \ Vpij=jGvwi [ Vpij; upÎGw: (5)

As a group service requirement is acceptable to all
members, it could be directly used to select a suitable ser-
vice for the whole group. Besides, if no candidate service
satisfies the requirement, there is a possibility that this
group could negotiate with some providers on the service
customization.

Algorithm 5. Achieving GSR Consensus

In: GM, SF, SFVR, SR
Out: GSR ¼ fGsrw ¼< Gvw; Gkw; Gww > jw ¼ 1::zg
1 for each Gmw in GM
2 for each sfi in SF
3 Gvwi  Sfvri
4 for each up in Gmw

5 Gvwi  Gvwi \ Vpi

6 if Gvwi ¼ ;
7 for each up in Gmw

8 if sfi 2 Kp Gvwi  Vpi, break
9 if Gvwi ¼ ;
10 max �1
11 for each up in Gmw

12 if wpi > max max wpi, x p
13 Gvwi  Vxi

14 for each up in Gmw

15 if sfi 2 Kp add sfi into Gkw
16 gwwi  0
17 for each up in Gmw

18 gwwi  gwwi þ wpi

19 gwwi  gwwi=jGmwj

7 CASE STUDY AND SIMULATION

In this section, the proposed grouping methods are illus-
trated in details through a taxi service sharing case. Simula-
tions are further designed based on this case to evaluate the
grouping effect. More discussions about related work are
also presented.

7.1 A Case Study and Discussion

Our methods to group users with similar service requests
could be applied to many service sharing cases. For exam-
ple, multiple tourists to the same destination with different
requirements on hotel rating, vehicle mode, guiding lan-
guage, etc. could be gathered into groups to get more cus-
tomized service; multiple merchants could share a
container or a warehouse based on the same preservation
requirements to reduce the cost; multiple consumers in
close locations could bargain with merchants to get a local
service with a lower price. As long as their service requests
are described and handled based on the methods in this
paper, users with similar requests could be grouped and
obtain the service online or offline to get benefits from
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grouping, which in many cases could also increase the profit
of service providers.

To illustrate our methods in a more concrete way, we
consider the case of taxi sharing among 20 users from place
A to B for lower fee and less waiting time during the peak
hour. Some relevant variables are listed as follows.

SF ¼ fsf1 the air-conditioner state, sf2 the driver rating,
sf3 the taxi rating, sf4 the taxi model}.

SFVR ¼ fSfvr1 ¼ fy; ng; Sfvr2 ¼ ½1; 5�; Sfvr3 ¼ ½1; 5�;
Sfvr4 ¼ fA; B; C; Dgg.

UF ¼ fuf1=gender; uf2=using perfume or notg.
UFVR ¼ fUfvr1 ¼ ff; mg; Ufvr2 ¼ fy; ngg.
SR and GC of the 20 users are presented in details in

Table 2, where “expected values/weight” represents
Vpi=Wpi and ‘	’ denotes a key feature. If a user thinks any
value on a certain feature is OK, the expected value is set as
“a”. Users could set different thresholds to accept others
with the similarity higher than the threshold as their group
members. To focus more on the methods to illustrate,
we set a unified threshold thr ¼ 0:60 for all users, and set
minN ¼ 2,maxN ¼ 4.

7.1.1. Connection Relation Building

According to above data and the method described in
Section 4, the asymmetric similarity of service requirements
between each pair of users are obtained and presented in
Table 3, where “.45” denotes “0.45”. Also, the compatibility
of grouping context can be checked, for example, u1 is com-
patible with u4 � u12 and u14 � u20. We can get a connection
relation among 20 users, as shown in the Fig. 1.

7.1.2. User Grouping

According to the determined CR, SemiG could be found
according to Algorithm 2, as listed in Table 4.

According to above data and Algorithm 3, to have more
users grouped, 8 groups including all 20 users could be
finally determined, as Table 5 shows.

Given the same semi-groups, another grouping option is
to get bigger groups according to Algorithm 4. In this case,
GM ¼ fGm1 ¼ fu1; u10; u16; u19g, Gm2 ¼ fu4; u6; u11; u18g,
Gm3 ¼ fu5; u8; u12g, Gm4 ¼ fu7; u13g, Gm5 ¼ fu2; u9g,
Gm6 ¼ fu3; u20gg (sorted by the emerging time). In this
scheme, the average group size is bigger while 3 users are
not in any groups.

7.1.3. Achieving Consensus on Group Service

Requirements

After organizing 20 users into groups, a unified group ser-
vice requirement for each group can be obtained according
to Algorithm 5.

Table 5 gives relevant details for the grouping scheme
with 8 groups and the details for the other scheme are not
given here for the page limit. The service requirement
similarity of Gsrw to Srp is listed on the right side, which is
high enough and acceptable to group members. If the final
grouping result with group service requirements does not
satisfy a certain user, the user could appropriately adjust
the relevant requirement and present a feedback to get a
better acceptable grouping result. This extended operation
is out of the scope of this paper.

7.1.4. Comparison and Discussion

As the above case study illustrates, both the proposed
grouping algorithms can obtain schemes satisfying the
group size limit, where one scheme focuses on putting more

TABLE 2
Service Request Descriptions of 20 Users

sf1 sf2 sf3 sf4 uf1 uf2 uf1 uf2

Sr1 n/0.6	 4-5/0.1 4-5/0.3 a/0 MR1 a a UV1 f y
Sr2 y/0.8	 3-5/0.2 a/0 a/0 MR2 m a UV2 m n
Sr3 n/0.2 a/0 5/0.2 C/0.6	 MR3 a n UV3 m n
Sr4 n/0.4 a/0 5/0.4 AB/0.2 MR4 a a UV4 f y
Sr5 y/0.5 4-5/0.2 a/0 AB/0.3 MR5 a a UV5 f n
Sr6 n/0.2 5/0.1 5/0.5	 B/0.2 MR6 a a UV6 f y
Sr7 n/0.1 a/0 5/0.4 A/0.5	 MR7 a a UV7 m n
Sr8 y/0.6	 4-5/0.1 3-5/0.2 D/0.1 MR8 f a UV8 f y
Sr9 y/0.3 a/0 4-5/0.4 AB/0.3 MR9 a a UV9 m n
Sr10 n/0.7	 3-5/0.3 a/0 a/0 MR10 a a UV10 f y
Sr11 a/0 a/0 5/0.3 B/0.7	 MR11 a a UV11 m y
Sr12 y/0.6	 4-5/0.1 a/0 A/0.3 MR12 a a UV12 f y
Sr13 y/0.2 4-5/0.1 5/0.2 A/0.5	 MR13 a n UV13 m n
Sr14 a/0 4-5/0.4 3-5/0.4 AB/0.2 MR14 a a UV14 m n
Sr15 a/0 3-5/0.3 4-5/0.4 AB/0.3 MR15 f y UV15 f y
Sr16 n/0.6	 3-5/0.2 3-5/0.2 a/0 MR16 a a UV16 m y
Sr17 y/0.6	 a/0 5/0.4 a/0 MR17 f y UV17 f y
Sr18 n/0.1 5/0.1 5/0.4 B/0.4 MR18 a a UV18 f n
Sr19 n/0.5 4-5/0.2 3-5/0.3 a/0 MR19 a a UV19 f n
Sr20 a/0 5/0.2 4-5/0.4 C/0.4 MR20 a a UV20 f n

TABLE 3
Service Requirement Similarity between Each Pair of Users

simp,q 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 1 0 .45 .70 .35 .55 .43 0 .55 .90 .32 0 .32 .77 .75 .87 0 .45 .90 .60

2 0 1 .19 .18 .78 .18 .21 .81 .61 0 .23 .74 .43 .61 .61 0 .68 .21 .31 .33

3 .79 .12 1 .80 .08 .72 0 .11 .20 .88 0 .04 0 .29 .38 .79 .40 .52 .68 .64

4 .79 .12 .40 1 .38 .82 .75 .11 .50 .88 .65 .19 .49 .49 .68 .79 .40 .72 .68 .24

5 .22 .93 .04 .28 1 .25 .33 .82 .76 .20 .41 .85 .59 .84 .66 .25 .68 .33 .38 .26

6 .80 .07 .40 .90 .25 1 .50 .12 .35 .80 1 .05 .25 .43 .45 .73 .40 1 .70 .40

7 .79 .12 0 .90 .23 .72 1 .11 .35 .88 0 .34 .74 .39 .53 .79 .40 .52 .68 .24

8 0 .93 .07 .13 .70 .22 .13 1 .57 0 .10 .70 .37 .80 .47 0 .73 .18 .50 .37

9 .34 .92 .10 .40 .88 .37 .45 .77 1 .18 .50 .79 .59 .63 .88 .25 .80 .42 .28 .44

10 .79 0 .39 .58 .28 .38 .31 0 .31 1 .23 0 .23 .61 .61 .92 0 .31 .81 .33

11 .49 .52 0 .70 .48 .82 0 .41 .50 .53 1 .34 0 .39 .53 .49 .70 .87 .43 .24

12 0 .93 .04 .18 .85 .15 .58 .82 .61 0 .06 1 .84 .74 .51 0 .68 .13 .38 .26

13 .25 .93 0 .50 .85 .55 .90 .77 .65 .20 0 1 1 .63 .55 .2 1 .45 .30 .30

14 .60 .53 .17 .53 .75 .42 .43 .60 .72 .55 .45 .55 .52 1 .77 .63 .43 .43 .75 .37

15 .67 .60 .20 .60 .68 .48 .50 .50 .85 .65 .50 .52 .52 .73 1 .63 .50 .48 .58 .47

16 .87 0 .42 .63 .28 .45 .36 0 .42 1 .28 0 .26 .77 .72 1 0 .37 .93 .43

17 0 .92 .35 .50 .73 .57 .52 .73 .65 0 .48 .72 .56 .39 .53 0 1 .52 .18 .34

18 .80 .07 .40 .90 .25 1 .50 .12 .35 .80 1 .05 .25 .43 .45 .73 .40 1 .70 .40

19 .90 .13 .42 .63 .35 .47 .36 .33 .42 .90 .28 .18 .29 .90 .62 .93 .13 .38 1 .47

20 .65 .47 .80 .40 .35 .45 .25 .48 .55 .45 .15 .35 .25 .47 .50 .50 .50 .35 .55 1

TABLE 4
Details of SemiG with 15 Semi-Groups

Sg1 fu2; u9g Sg2 fu3; u20g Sg3 fu1; u4; u15g
Sg4 fu1; u4; u16; u19g Sg5 fu4; u6; u11; u18g Sg6 fu4; u7g
Sg7 fu5; u8; u12g Sg8 fu5; u9; u12g Sg9 fu5; u9; u14g
Sg10 fu8; u12; u17g Sg11 fu1; u10; u15g Sg12 fu1; u10; u16; u19g
Sg13 fu7; u13g Sg14 fu1; u14; u16; u19g Sg15 fu1; u20g
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users into groups and the other focuses on enlarging group
sizes. These methods could be applied to not only the taxi
service sharing but also to other service sharing cases,
where relevant parameters can be set based on practical sce-
narios. However, the benefits achieved through our group-
ing methods cannot be obtained through other literature
methods.

Grouping needs to first describe user requests through
both service requirements and grouping context. Despite
the large number of studies on the methods of describing
the service requirements [2], [5], [6], [7], [8], [9], [10], [11],
few consider the grouping context like ours. Moreover,
we present key features to distinguish hard requirements
which must be satisfied from soft requirements which could
be compromised, while such a situation is hardly expressed
by setting a higher weight [2], [8], [11].

It is very important for grouping to evaluate the service
requirement similarity and the grouping context compati-
bility based on user request descriptions. Both the weight
and expected multiple values of each feature need to be con-
sidered in determining the service requirement similarity,
as analyzed in Sections 2 and 4. Unfortunately, the general
similarity or distance computing methods for clustering
[19], [20], [21], [22], [23], [25], [26], [27], [28], [29], [30], [31],
[32], [33], [34], [35] cannot handle this situation, though
they have performed well for situations that objects are
described through multiple features with each described by
a single value and no importance levels of features needs to
be considered.

In order to group users for sharing the services with the
capacity limit, it needs to consider the group size limit, as
well as to take into account the asymmetric similarity and
the compatibility between users. This makes it very hard to
directly apply current clustering research [20], [27], [28],
[36], as most studies on K-means clustering [29], [30], FCM
clustering [22], [31], [32], spectral clustering [33], hierarchi-
cal clustering [23] and density-based clustering [19], [34],
[35] are based on only symmetric similarity and do not take
into account the limitation on cluster size.

Moreover, the service requirement consensus on each
group is hard to directly achieve through current studies
[11], [16], [37], as few of them provide negotiation mecha-
nism on both expected multiple values and quantified
importance levels for each feature. The above case study

shows that our methods can achieve a consensus highly
similar to individual service requirements.

To illustrate our contribution more specifically, we try to
apply the existing clustering methods to the above case. As
general distance or similarity computing methods are not
oriented to objects whose features are described through
multiple values, the Equation (1) in our method could
be employed. For example, the similarity between u1 and
u2 is computed based on sim1�2; 1 ¼ 0, sim1�2; 2 ¼ 0:67,
sim1�2; 3 ¼ 0:4, sim1�2; 4 ¼ 1. Without weight consideration,
the similarity is computed as the mean value of four features
which is 0.52. In this way, the similarity between two service
requirements is a single value and general clustering meth-
ods can be applied by setting a limitation on cluster size.
More specifically, only the cluster consisting of the number
of users between minN and maxN is considered as a final
group and the cluster consisting of more than maxN users
should be further subdivided. Taking K-means clustering
for example, multiple GMs with different k can be obtained
in the above case, where the number of groups (gno.) and the
number of users grouped (ugno.) are listed in Table 6.

K-means method could get a grouping scheme with
more users grouped or bigger groups by adjusting the
parameter k. However, the grouping result obtained with-
out weight consideration is not reasonable. For example, the
grouping result is GM ¼ fGm1 ¼ fu1; u15; u19; u20g, Gm2 ¼
fu3; u10; u11; u16g, Gm3 ¼ fu4; u6; u7; u18g, Gm4 ¼ fu5; u9;
u14; u17g, Gm5 ¼ fu12; u13g, Gm6 ¼ fu2; u8gg when k is set
as 4. In Gm2, u3 requires sf3 to be C while u11 requires it to
be B. As they both take sf3 as the key feature, it is impossi-
ble to get a group consensus to satisfy both of them. Without
weight consideration, their similarity is computed as (0.5 þ
1 þ 1 þ 0)/4 ¼ 0.625, which makes u3 and u11 wrongly
grouped together. In our method, their similarity is 0 as the
key features do not match. Even if sf3 is not set as the key
feature, their similarity is only 0.3, which makes it not possi-
ble to put u3 and u11 into the same group. Another example
of the impact of the weight on the similarity is sim12; 17 ¼
0:68 and sim17; 12 ¼ 0:72, while the similarity is only 0.46
without considering the weight.

As above case study illustrates, computing the similarity
withoutweight considerationwouldmake users join a group
they should not join, like u3 and u11. Also, it would make
users not in a group they could be, like u12 and u17. Besides
K-means clustering, unfortunately, few general clustering
methods (FCM clustering, spectral clustering, etc.) can han-
dle asymmetric similarity between objects caused by the
weight consideration. This makes it fail to apply general
clusteringmethods to user grouping for service sharing.

7.2 Simulation Results

The above case study shows how our methods work for
grouping 20 users into 7 or 8 taxis. The grouping simulation

TABLE 6
Grouping Results with Different k

k gno. ugno. k gno. ugno. k gno. ugno.

2 7 18 5 7 19 8 8 19
3 6 18 6 7 20 9 7 18
4 6 20 7 7 19 10 6 15

TABLE 5
A Final Grouping Result
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for more users with uniformly distributed random service
requirements and grouping context settings is further given
to evaluate the performance of our grouping methods,
where t ranges from 50 to 500 and thrp ¼ 0:6 ðp ¼ 1::tÞ. The
corresponding SFVR and UFVR are the same as those in
Section 7.1.

The grouping benefit, i.e., the lower price for users and
the higher total profit for providers, is affected by the set-
tings of group size, price function, cost function, etc. Bigger
minN and maxN would increase the average group size and
decrease the price, at the cost of higher number of users
ungrouped. Moreover, different functions of service price
and cost would result in different curves for the total profit
of providers and the average price of users. Compared to
schemes without grouping, providers could get more profit
by setting a discount less than the cost reduction per user
derived from the grouping. How to make an appropriate
pricing policy based on cost evaluation to get a widely
acceptable win-win situation is a very important issue for
service sharing, which is out of the scope of this paper and
deserves more effort and research.

To present the total profit of providers and the dis-
counted price of users in a more direct and straightforward
way, we set a price function and a cost function for all the
providers as follows, where mno. is the number of members
in a group to share a service:

price mno:ð Þ ¼ 1� 0:04 	 mno:� 1ð Þ;mno: ¼ 1::8; (6)

cost mno:ð Þ ¼ 0:6þ 0:05 	 mno:� 1ð Þ;mno: ¼ 1::8: (7)

The total profit of providers could be computed by sub-
tracting the total cost from the total payment. For example,
if four users get services respectively, they all should pay
for 1 unit price and the cost per user is 0.6, so the total profit
for providers is 4	ð1� 0:6Þ ¼ 1:6. If they share a certain ser-
vice, however, they all only need to pay for 1� 0:04	

ð4� 1Þ ¼ 0:88. The cost of the shared service is 0:6þ 0:05	

ð4� 1Þ ¼ 0:75 and the cost per user is 0:75=4 ¼ 0:1875. So
the total profit is 4	0:88� 0:75 ¼ 2:77.

Simulation shows all the similarity of a group require-
ment to a member requirement in both grouping schemes

obtained through Algorithms 3 and 4 is over 0.75, which is
higher than the given threshold 0.6 and acceptable to users
involved in service sharing. More detailed comparison
results are presented in Figs. 2, 3, 4, and 5, including the
total number of users grouped (ugno.), the average group
size (ags), the average price for each group member (pri),
and the total profit (pro). In Figs. 2, 3, 4, and 5, gs1 denotes
the grouping scheme based on Algorithm 3 and gs2 is from
Algorithm 4, where all data are obtained based on the aver-
age of multiple simulations. As a reference grouping
scheme, in gs3, members are randomly selected from
ordered semi-groups.

With the random request settings, it is possible that some
users have the connection relation with only fewer than
minN users, which makes them not in any semi-groups and
not able to be grouped. The maxno. is used to represent the
number of users who have the possibility of being grouped,
which in fact equals jInSemigj. As Fig. 2 shows, gs1 can get
most users grouped and ugno. of gs1 is always much closer
to maxno. than those of gs2 and gs3.

As Fig. 3 shows, the average group size of gs2 is up to 40
percent larger than those of gs1 and gs3. According to the
price policy, the bigger the average group size, the lower
the average price for members. Fig. 4 shows the average
price of gs2 is much lower than those of gs1 and gs3.

Between the achieved gs1 with most users grouped and
gs2 with the lowest price, gs1 would be the choice of users
who are not in any groups in gs2 and gs2would be the choice
of users who have fewer group members in gs1. Before the
grouping operation is performed, however, a user does not
know if he/she can get a lower price in a certain group or if
he/she is the one who cannot join any groups. When the
third party builds a platform to organize users into groups
for sharing services, both Algorithms 3 and 4 could be
applied to provide more options. If a user thinks it is more
important to successfully join a group than to get possibly
lower price, he/she may choose to participate in the group-
ing with Algorithm 3. On the other hand, if a user cares more
about a lower price than the risk of having no group to join,
he/shemay choose the groupingwith Algorithm 4.

Fig. 3. Average group size.

Fig. 4. Average price for each group member.

Fig. 5. Total profit of service providers.

Fig. 2. Total number of users grouped.

LIU ET AL.: USER GROUPING FOR SHARING SERVICESWITH CAPACITY LIMIT 625

Authorized licensed use limited to: SUNY AT STONY BROOK. Downloaded on December 28,2025 at 07:39:52 UTC from IEEE Xplore.  Restrictions apply. 



A user who chooses to participate in service sharing can
generally get the service with a lower price as long as he/
she can join a group. On the other hand, can service pro-
viders get more profit by providing shared services?

In Fig. 5, ‘gs	nog’ denotes the total profit of providers if
users grouped in ‘gs	’ are not grouped and get services sep-
arately. For example, the total profit of gs1nog for t ¼ 500 is
computed as users grouped (429) multiplies unit profit
ðpriceð1Þ � costð1Þ ¼ 0:4Þ, that is 171.6; while gs1 gets 96
groups with 4 members, 5 groups with 5 members, 2 groups
with 6 members, and 1 group with 8 members, and the total
profit is computed as 96	ð0:88	4� 0:75Þþ 5	ð0:84	5� 0:8Þþ
2	 ð0:8	6� 0:85Þ þ 1	ð0:72	8� 0:95Þ ¼ 295:63. Obviously,
making users in groups to share services can bring much
more profit. As Fig. 5 shows, the total profit of grouping
schemes increases over 30 percent than the one without
grouping, taking advantage of the cost reduction. Moreover,
for the same user requests, gs1 gets much more profit than
gs2/gs3 as gs1 brings more users into groups.

Accordingly, compared to the grouping result without
special strategies, i.e., gs3, the simulation shows that our
methods can effectively organize users with highly similar
requests into groups to obtain a service with a lower price
and bring more profit for providers, which creates a win-
win situation.

8 CONCLUSION

Service sharing could bring benefits to both providers and
users through group advantages. To group users for more
efficient service sharing, we propose the request-based
grouping method to obtain results satisfying the group size
limit with different benefits. Unlike the description on a ser-
vice, the service requirement in a user request is described
through multiple acceptable values on each feature and
importance levels of features should be considered for simi-
larity computing. This makes general clustering methods
fail for the request-based grouping. Our method can handle
the asymmetric similarity computing between two service
requirements and build a connected relation on users based
on the service requirement similarity and the grouping
context compatibility. According to two possible strategies
that can be selected by users or providers, we propose two
algorithms to obtain grouping schemes with more users
grouped or bigger group size. We also present a negotiation
mechanism to achieve a consensus on a group service
requirement. Finally, a taxi sharing case is used to illustrate
how our method works for the request-based grouping
and why other methods cannot. Moreover, our simulation
results show grouping without special strategies will gener-
ate much less profit for providers and lead to a higher price
for users, while our grouping algorithms could provide bet-
ter options.

To make our grouping method work well in real service
sharing scenarios, there are some limitations to consider.
The parameters such as SF, SFVR, etc. must be carefully set
for different scenarios so that users can well express their
requirements. Moreover, service providers must set accept-
able price functions for shared services based on cost evalu-
ation to ensure more profit. In the future, we will consider a
grouping algorithm to maximize the total service revenue

by taking into account the idle services when there are not
enough user requests in some time periods. Also, adjusting
the grouping scheme according to possible feedbacks of
users would be another issue to address in our future work.
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