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Influence Maximization

Influence Maximization

*Given a digraph and
le>0,

*Find k seeds (Kates)
to maximize the
number of influenced
persons (possibly in

many steps).
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Propagation Model

*1C
* LT

bothl andé are source nodes.
Step 1:1-2.3;6-2.4. .
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IC Model

Use the directed network to represent a social network G = (V,E).

Each node has two states, active and inactive.

Each arc (u,v) is assigned with a probability p,,, when u is active,
v is also activated with probability p,, .

Initially, every node is inactive. To start an information diffusion
process, a set of nodes, called seeds, are activated.

The process consists of discrete steps.

In each step, each newly activated node would try to influence its
out-neighbors.

An active node has only one chance to influence its out-neighbors.

The process ends when no node is activated in current step.
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Influence function maximization problem

Influence function maximization problem is proposed as follow:

gl@f (S)

where f(S) is nonnegative increase set function.

Theorem

Sub-modular influence function maximization problem s r‘r}ﬁq o(S)is
cv,Is|<

NP hard.

| A\

Theorem

Greedy Algorithm for sub-modular function maximization problem

max o (S) returns 1 —1/e -approximate solution.
SCV.|S|<k
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Marginal Gain

Computation the spread value of a given S is #p hard.

Traditionally, f(S) is evaluated through random sampling
method, e.g. Monte Carlo simulation, simulation number?

Is there effective way to evaluate f(S) directly for any given S?

YES! A successive iteration update method (SIUM) to compute
f(8) from the marginal gain perspective is given.

Definition

(marginal gain). Suppose that f: 2" — R* is non-negative set value
function, where V is ground set. For any subset S of V ,

AS(S) =f(SU{v})—f(S) is called marginal gain of v € V\S at S.
Additionally, we can define Azf(S) =f(SUT) —f(S) as marginal gain of
T C V\S at S in the similar way.
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Marginal Gain

Based on the definition of marginal gain, we have the following

property:
For a given set S C V and any subset T C S then we have

f(8) =f(S\T) +Azf (S\T) =f(T) + As\zf (T)

for any given set value function f.

Definition (submodular function)

Suppose that f : 2" — R is non-negative set value function, where V is
ground set. f is called sub-modular if for any subset S; , S, of V with

S1 €8S, CV,and any v e V\S,, we have A,f(S1) > Af(S2), where

Af(S) =f(SU{v}) —£(S).
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Marginal Gain Formulation

Theorem

(Marginal Gain Formulation) Let 6(S) = Y,.cv ¢> is the influence
function value (or the spread value) of a given S, where ¢’ is the active
probability (or expectation equivalently) of the node u when S is
selected as seed set under the IC propagation model. Denote p,, the
probability of node v can activate node u along a given path. Using
these notations, we have

6(S) = Luevlpw+ (1 —pu)ds "] for any S and v € S.
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Proof
according to property above we have

G (S) = (S\v) + A, (S\v)
Where 6(S\v) = Yergs and

Ao(S\v) = Y (1= (1—g2")(1 —pu) — "]

uevV

=Y (16" )pw)-

ueV

Thus we have

o®=zmwu " )pvl

ucV

= Z @vu pvu C]ﬁ\v]

ucV
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GCMP Formulation

One way to boost content spread problem is to increase the
number of connected edges between users. Some social network sites
such as Facebook and Twitter provide the function for users that could
recommend friends of your friends to you to make possible
connections.

Vineet Chaoji et al. (2012) first formulate the problem of
boosting content spread on social network by seeking to add up to k
connections per user such that the probabilistic propagation of content
in the social network is maximized.

Note: 1. This problem is NP-hard and the spread function is not
submodular. Vineet Chaoiji et al. construct a more restricted variant
that is submodular and devised an approximation algorithm.

2. But their content spread function under IC and RMPP model
has some limitations.
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Limitations of Vineet Chaoiji et al.s work

1. Computing the expected number of nodes with specific content
C is #P-hard. They derived a RMPP (Restricted Maximum Probability
Path) model from a heuristic first proposed by Chen et al. which
restricts influence propagation between a pair of nodes to be only
along the MPP.

RMPP= MPP + at most one edge from X.

The spread function under RMPP model to be submodular but the
content spread problem is still NP-hard.

2.The information propagation may not reflect the real flow on the
network and the content spread node under RMPP model will have a
large deviation from the actual value.

3. A predefined number of new links is added for each user, a
case which not necessarily reflects to real-world application.

4. Higher computational cost, less scalable.
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GCMP Formulation

From a marginal increment perspective to describe the content
spread function value as accurate as possible. Our formulation based
on (IC) model.

For the given acyclic directed social network G(V, E, P), denote p;
is the probability with which node i shares content independently with
each of its neighbors and ¢°% is the content spread of a content ¢ € C
contained at v € V under the topology of E with seed set S(strictly
speaking, here S'is S. ) and ¢§* = (---,¢%, - - )" is the content spread
vector under the topology of E with seed set S.

Then we have the following formula to calculate the marginal gain
Aestq, 5 of content spread of ¢ at node r when an edge e, € X is added
to current topology of E.
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GCMP Formulation

Theorem

The marginal gain Aes,qgfg of content spread of ¢ at node v when an
edge ey, € X from a candidate set is added to current topology of E is
calculated recursively as follows:

Ae,dis = (1—q5)Psqss

And for any v € N°*(t), where N°*(t) is the out-neighbor set of vertex t,

we have
_ cE

1 qvs E
——2EPiAe 4] (1)
1 —pzq§§ s
Furthermore, for other vertex v € V that can be reachable from vertex t,
we can update the marginal gain similarly according to the topology
order in recursive manner. We have Aeﬂﬁ,Es = 0, for the vertex which is
unreachable from vertex t during this process.

cE __
Aest qV,S —
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GCMP Formulation

Note to Th. During the process of updating marginal spread, if
there are paths from vertex r reach to different in-neighbor nodes of
node w, the marginal gain of spread of w should be updated according
to equation 1 multi-times. But the overall marginal gain of content
spread for w is independent of the update orders.

Definition

(Generalized Content Maximization Problem (GCMP):) Given a
directed acyclic graph G = (V,E, P), a constant K and content set C
with given initial seed setsS, for each c € C, find an edge set

X CX=/{e;j:i,jeV,i€N,,jeN;} where N; is the candidate node set of
i such that: (1) At most K edges from X, (2)f(X) is maximum.

Note: In this definition, total cardinality of the edge set is
constraint.
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Main Contributions

1. Content spread maximization problem is formulated in a
marginal gain incremental way with almost no loss of the content
spread.

2. The non-submodularity of the content spread function is given
with analysis. Both submodular lower-bound and upper-bound of the
original content spread function is presented and a Marginal Increment
based Sandwich algorithm (MIS) that guarantees a data-dependent
approximation factor is devised in the sandwich framework.

3. A novel heuristic scalable algorithm of boosting content spread
in social networks IRFA is proposed.
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Submodular bounds

The objective function of GCMP

JX) =Yeec Loev (@55 + Xeyex Ae“qiffuxﬂ)) is still non-submodular. In
order to elaborate on the structure of f(X), we can re-write it in
marginal increment form. Denote X = {e;,1,, €500, - s €sgigc

XK= {es,  sesu }, k=0,1,--- K and X° = @ for convenience. Then
we have f(X) =f(X°) + Li A, f(X*") here f(X°) = Eeec Toev 45
and A, , f(X*!) = ):CGCZVGVAeSk,kqu_fUXH),k =1,---,K. Fortunately,
each term A, qufuxkfl) in A, , f(X*~!) is monotone decrease with

qiff UX™ | Thus we have the following monotone decrease property of

f(X).
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Submodular bounds

Property: Content spread function f(X) = f(X°) + Y1 A, f(X* )

is monotone decrease with qV(EUX R ,forvrevandk=1,.--- K
However, the monotone decrease property does not guarantee

the sub-modularity of the objective function f(X), this is just because

the neighbor relationship will change during the new edges added.
To see this structure change clearly, we denote

Ny (v) ={u € V|(v,u) € E} the out-neighbor of vertex v for each v € V.

Obviously we have the inclusion relationship

NE(v) SNg 0 (V) SNE (V) € - SN e (V) © Ny 5 (v). With this
notation,
A, f (X*=1) can be rewritten in a more detailed expression:
Ac,, f(X*)
i EUXk 1)
- Z Z ese 4v.8
ceCveV
- (EUX*)
- Z (Aexkrk qfk,S
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Submodular bounds

The reason for f(X) is not sub-modular lies in that the
out-neighbor set of a vertex v € V. may become larger and larger with
new edges added in the boost content spread update process.
However, for a given GCMP, E, P and S that contains content ¢ are all
fixed. When we further fix the in-neighbor relationship of all vertexes
v € V during the whole recommendations boost update process, the
number of marginal gain terms will remain unchanged during the

whole procedure. Due to the monotone increase property of qv(EUX K

with respect to edge set X*~! | for each newly added edge eyktk, the

resultant marginal gain term of content spread A, qv(fUX becomes

monotone decrease with ¢“5U*" ), for v € V and thus further make it

possible to guarantee that the associate content spread function is
submodular. Next we construct submodular bounds objective functions
by reasonably imposing restriction on the neighborhood structure of
each vertexve V.
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Submodular bounds

The lower bound of objective function is constructed as follow:
fX) =F(X°) + L& Ay, f(X*1), where

k—1
Aesktkf(X )

Z Zie%tk VEUXk )

ceCveV
E kal
Z (AeSkfk qtck(ﬁ y )
ceC
EUXk 1)

+ Z eaktk V],

vieNS (1)

c(EUX*1)

+ Z Aesk’k 4v,.s

VZGNE+ (vl),vl GNEJ-r (tk)

c(EUXT)

+ e + Z Aesktk qu7S )

VDENE (VD—I )7VD—1 €N£~r (VD—Z)
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Submodular bounds

f(X) defined above is lower bound of f(X) because that all the
term Aesk,kqv(SEUX in £(X) is nonnegative and must be included in f(X)
due to the inclusion relationship
N+( )CNZUXI( >CNEUX2( )g CNE_UXK( )CNgux()
Furthermore, f(X) have the following nice submodular property.

The lower bound of objective function f(X) = f(X°) + X1 Ae,, f(X* 1)
defined above is submodular with respect to X.

21/71



Submodular bounds

The upper bound isf(X) =f(X) = X, ex\x A f (X), where

=3 L a5

ceCveV
and Ve, € X\X

A, f(X)
= Z Z Aest v SI’ZUX

ceCveV

EUX
= Z (Aestqfk(,su )

ceC

EUX
+ Z Aerr Vl S
VIENE( )

EUX
ol Z Aexlq\cl‘i,su )
VENE (v),v1 ENE (1)

+"'+ Z A qC(EUY))

st VD7S
vpENE (vp-1),vp—1ENE (vp_2) 22/71



Submodular bounds

_ f(X) defined above is upper bound of f(X) because that
FX) =F(X) = (%) = o empBe/ () = (FX) + EE 1 A, /(X)) 2

Yo cxx (Ae f (X)) — A, f(X))) > 0, here [, denote the edge ey is the
I-th edge added into the recommendations boost network among all

edges in X. The last inequality holds because A, f(X'#~!) has at least
the same number of items as A,_f(X) has and
A c(EUxX'st=1) >A c(EUX)

ey >Ac,q,5~ due to the monotone decrease property.
Similarly, f(X) have the following nice sub-modular property.

The upper bound of objective function f(X) = f(X) — ¥, cx\x Ae,f (X)
defined above is submodular with respect to X.
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MIS algorithm

Generally speaking, there is no effective way to optimize or
approximate a non-submodular function. Lu et al.(2015) proposed a
sandwich approximation strategy, which approximates the
non-submodular objective function by approximating its submodular
lower-bound and upper-bound.

For GCMP, although the original contend spread function f(X) is
non-submodular, we have obtained the submodular lower f(X) and
upper bound £(X).

Therefore the Sandwich framework can be applied and we devise
MIS that guarantees a data dependent approximation factor.
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MIS Algorithm

The sandwich approximation strategy works as follows:

Algorithm 1 Marginal Increment based Sandwich Approx-
imation Framework (MIS).

Let X7 be a-approximation to the upper bound f(X).
Let X} be [-approximation to the lower bound f(X).
Let X 4 be a solution to the original problem f(X).
X =arg MaXX,e{Xy. X, Xa} f(Xa).

return X.

oo

o
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Approximation Ratio

A data dependent approximation factor is

Let X* be the seed set returned by MIS and X; is the optimal solutions
fo maximizing the original spread, then we have
f(Xy)  fX])

o

fU) FX3)

a = B = 1 — Lfor both submodular bounds, thus we have

e

By (X4)-

FX7) > max{

Corollary

Let X* be the seed set returned by MIS and X; is the optimal solutions
to maximizing the original spread, then we have

FO) 2 maxf2e 2 s (1= L)

4
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IRFA algorithm

How to obtain high quality solution to the original problem f(X)?

We present IRFA: IRFA=influence ranking of single node + fast
adjustment according to the recommendations selected.

Intuitively it is beneficial to set up the connection between the
seed node and the strong influence node to boost content spread.
Then how to rank the influence of single node? In order to obtain
influence information, denote o’ the spread factor if {v} is the only
seed node in the given social network G = (V, E, P) under the edge set
E and of = (---,6f,---)T is the corresponding spread vector under the
topology determined by E. We denote o = Yy<;<p 0’ = Yo i<pAle,
where e = (1,1,---,1), is n-dimensional vectors with all components of
1 and A = (a;j)nxn is the adjacency propagation matrix of G with
a;j = pij = pi, If ¢;; € E and 0 otherwise. D is the diameter of the network
G. Usually 6/,1=0,1,---, D reflects the I-th hop propagation spread of
all vertex in the network.
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An Example

Figure 1 gives an example to demonstrate how we calculate o*.

0 0 0 0 0 0

0 0 0 0 0 0 0
0505 0 0 0 0 O
A=|0 0 05 0 05 0 0
0 0 0 0 0 0 0

0 0 0 0 05 0 0O

0 0 0 05 0 050

e =1 11111 17
Ae = 0 0110 05 1T
A% = [0 00 05 0 0 075"
Ae = [0 000 0 0 0257
Ale = [0 000 0 0 0T
o = e+ Ae+ A%+ Ade + Ale

L 1225115 37T
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Marginal Gain

Using this spread influence information we know how to establish
connections to maximize the spread.

Suppose that node 7 is the only node that have content ¢, if we
add another connection among 7’s two-hop neighbors, node 3
(o3 =2) is better than node 5 (c%5 = 1) because 3 has higher spread
capability or we can say 3 is more influential than 5.

As for the spread vector, we have the following properties.

Property: For a directed acyclic graph G, if D=diameter(G), then
APtk =0, forallk=1,2,---.
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Marginal Gain

The property of the spread vector from an average point of view.

Suppose d is the average out-degree of the network and p is the
average propagation probability. Then we have

Property: 1)||6||; = n(dp)!,i=0,1,--- ,D, where ||6*||; = X"_, 6 (u)
denotes the 1-norm of n-dimension vector o’.

Especially,||c°|]1 =n,||c!||; = ndp.
2)llolh =X2ollo’llh < f,lff 'H6H1= Zollo'li = (D+1)n,
it dp = 1; loll = £2o o'}y < "2, ifdp
3) If dp << 1, every node at most have .— mfluence in average

sense, which can be reach a good approxmatlon by only using 0-step
and 1-step influence vector.
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IR algorithm of single node

Based on these properties, we present the influence ranking
algorithm of single node (IR) below.

Algorithm 2 Influence Ranking IR (G(E)).

Input: Social network &, diameter D and adjacency propa-
gation matrix A which is determined by E.

Output: spread vector oF.

initialize o” = e

for d=0to D do
Compute o = +Ac”

end for

return o

L R

oo
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IRFA

For the GCMP, what we really care about is how much the spread
increment caused by new edges added, not content spread itself.

So another important factor that influences the spread increment
should be considered.

¢<%: the content spread of ¢ € C contained at v € V under the
topoIon of E which is equivalent to the accumulated activate
probability of each node received before the edge added.
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IRFA

The main idea of IRFA is to select the node with maximum of
weighted influence in the sense of (1 —¢;%5)c*(r) from the candidate
set of vertex s, and add the connection (s,) into edge set.

That is, add edge (s,¢) in X such that
t=argmax,, ,cx, (1 — qi(fux))GE(v), where qi(fux) is the probability
that node v becomes activated after the diffusion process when the
edge set is E|JX and the seed set that contains c is S.

In order to maintain the current information of influence of each

node, a fast update adjustment procedure is needed.
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IRFA

The influence fast update adjustment procedure (FA(s,?)) is as
follow.

FA(s,t): After the edge (s,¢) is added into the current edge set, first
update cFUXUtead) (5) = gEUX(5) 4 p,aEUX(1); then
oFUXUlend) (v) = 6FUX(y) remains unchanged for the descendant node
of node ¢ (include ¢ itself); at last reversely update the ancestor node
according to oFUXUlend) (y) = gEUX(y) 1A, 6FUX(v), here
A, 0EUX(v) = p A, cFUX (u) for u € NgUX(v).
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IRFA

Now we present the overall algorithm of IRFA to compute the

solution of GCMP.

Algorithm 3 Algorithm IRFA (G, K, X).

Input: the social network & = (V. E, P), candidate edge set

Output: X

X, positive number K and content set C'.
atisfying constraint of no larger than K edges
and maximizing the boost influence spread.

. Initialize X = ()

2 Run Algomhm IR(G(E)) to obtain all ¢¥(v) and let

|

11

12

N s w

X(v) = o® (v)
ful ceCdo
Compute 5% and let (,',”rU X) = °E foreach v € V.
: end for
: for k=1to K do
Select Edge (s,t) = argmax, ., ,,ox, ues, cec(l —
g5 Ve PUx )
Run influence update procedure FA(s,t) to obtain
oEUX Utesch (y)
Compute A, q s EUX) and Update q“LU XUtexh)
Update X = X Ules}
end for

return X as the solution to the GCMP.
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Complexity analysis

Initialization: O(|D|m+ Y .cc |Sc|m).
Total K iterations: O(k(|X|+2m)).
Time complexity: O(|D|m+ (Lecc |Se/m) + k(|X|+2m)) .
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PERFORMANCE EVALUATION

Synthetic: We randomly generated a relatively small acyclic
directed graph with 2000 nodes and 5000 edges used to
validate our experiment results.

Facebook: This dataset includes 1899 users and a total
number of 59,835 online messages were sent over 20,296
directed ties among these users. This dataset represents an
online community for students at an university. The directed
edges indicate the friend relation between two users. [28]
Wikipedia: The Wikipedia dataset is generated by a voting
activity which Wikipedia community discuss and vote for the
people who to promote to become an administrator. There
are 7115 nodes and 103689 edges. Each node in the graph
represents a user attend the voting procedure. Each directed
edge denotes who vote for whom.

HEP-TH: This is a citation graph which from the e-print
arXiv and covers all the citations within a dataset of 27,770
papers with 352,807 edges. If a paper i cites paper j, the
graph contains a directed edge from i to j. [26]. [27]
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PERFORMANCE EVALUATION

(a) Syntheric p=0.05 (b) Facebook p=0.05
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Fig. 2. Content spread value vs. incremental edges under uniform and
trivalency propagation
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PERFORMANCE EVALUATION

-y

PUBe

Content sprend va!

gdadt

b of e 1',,» X
(a) Synthetic p=0.05 (b) Facebook p=0.05 (c) Wikipedia p=triva
Fig. 3. Comparison with random, Maxdegree, and Pagerank
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(d) HEP-TH p=trivalency
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PERFORMANCE EVALUATION

|3

Conftent spread value
Content spread value
i i g

" The percent of seed : " The percent of seed
(a) Facebook p=trivalency (b) Wikipedia p=0.05

Fig. 4 Content spread value vs. incremental seed set size
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PERFORMANCE EVALUATION
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Fig. 5. Number of edges added on each seed node
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MAP Formulation

In above social network, every node represents a user. If an
activity requires a group of users to participate, then this activity can
be represented by this group of users. Therefore, all activities form a
hyper-edge set of a hypergraph with the node set V, denoted by <.
The profit ¢ : & — R is a non-negative function. For any seed set S,
denote by I(S) the set of active nodes at end of the diffusion process
with seed set S initially. The expected profit of activities generated by
active nodes would be defined as

Definition (Maximizing Activity Profit)

Given a social network G = (V,E) with the IC model, a collection of
activities, <7, a profit function ¢ : & — R*, and a positive integer k, find
a set S of k seeds to maximize the expected total profit of activities
consisting of users activated by S through influence.
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MAP Formulation

From the definition of MAP, we can see that it is a generation of
many classical IM problems:

1. Influence maximization problem. When </ is defined as &7 =V
only including all the single vertex activity and ¢ : & — R* is defined as
c(v) =|v| =1, Influence maximization problem is a special case of
Maximizing Activity Profit.

2. Activity maximization problem. When <7 is defined as &/ = E
only including all the edge set activity and ¢ : &/ — R™ is defined as
c(e) = w,, Activity maximization problem is a special case of
Maximizing Activity Profit.
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Main Contributions

1. We propose a novel MAP problem to maximize the expected
total profit in a social network.

2. The objective function for the MAP is neither submodular nor
supermodular. We present an approximate algorithm that yields an
approximation ratio of ﬁz provided that the supermodular degree is
bounded with A.

3. We also develop an exchange-based algorithm to further
improve the quality of the solution.
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Complexity

The complexity results of Maximizing Activity Profit problem.

(NP-hardness). The Maximizing Activity Profit problem is NP-hard. \

(#P-hardness). For a given set S, the computation of

Y, <4

ACI(S),Ac/

f(S)=E

is #P-hard. )
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Modularity

The properties of the objective function of MAP is neither
submodular nor supermodular.

Definition (supermodular function)

Suppose that f : 2" — R™ is non-negative set value function, where V is
ground set. f is called super-modular if for any subset S; , S, of V with
S1C S CV,andany v e V\S,, we have A f(S1) <Af(S2).
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Modularity

(non-submodularity). The objective function

Y, <4

ACI(S),Acdt

f(S)=E

of Maximizing Activity Profit is non-submodular.

Similarly, we have

Theorem
(non-supermodularity). The objective function

Y <4

ACI(S),Ac/

f(S)=E

of Maximizing Activity Profit is non-supermodular.
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supermodular degree algorithm

We use the supermodular degree to measure to what degree the
non-submodular version violates the submodularity inspired by M.
Feldman et al.(2014). When the supermodular degree is bounded,
denoted by A, an algorithm Improved Extendible System Greedy with

consistant approximation ratio (Asz) is proposed.

Definition

(supermodular set) Given a monotone set value objective function
f(), the supermodular set of anode v € V is

Dy (v) = {vVe VIAf(SU{V}) > Af(S),3S €V}, which includes all nodes
that might increase the marginal gain of v € V.

Definition

| A\

(supermodular degree). The supermodular degree, denoted by A, is
defined as the maximum cardinality among all supermodular sets, i.e.,
A=maxyey | Df (v) |.
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It is obvious that when A=0 the function f(-) is submodular. As for
the nonsubmodular case of MAP with bounded A, we design improved
greedy with average marginal gain algorithm similarly to the naive
Extendible System Greedy as follow.
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IMEG Algorithm

Algorithm 1 Improved Extendible System Greedy (IESG).

Input: a hyper-graph,. and a constant, k.
Output: a set of seed nodes,S.

I:
2 While |5;| < k do
EX

Initialize ¢ = 0 and Sy = 0.

Find out
ArgMaX, ey, p, CD¥ (v) (f(S;u{viuD))— f(S;uD)].
constrained by |S; U {v} U D!| < k.

4: Update S;, = S; U{v}uD,.

Update i to be i + 1.
Return S = S; as the set of seed nodes.
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In the above Improved Extendible System Greedy algorithm
(IMEG), we use a new rule to select the nodes which maximizes the
average marginal gain of nodes selected instead of total incremental.
This rule is more beneficial due to the monotone property of the
objective function always select the nodes in modular set as large as
possible.
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Approximation Ratio

approximation

The IESG algorithm designed above have =)
ratio.

A+2

Algorithm IESG has an approximation ratio of ——— =)
algorithm.

I +2) to the optimal
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Optimization Condition

Although IESG returns ﬁ-approximate solution to MAPP, it is
still a big gap between the approximate solution obtained and the
optimal one in theory. How to determine whether an approximate
solution can be improved or not is still a fundamental question.

Theorem

(optimization criterion). Suppose S* is the optimum solution of the
MAPR, then

min Asf(S™\S) = BUCLS Asf (S™\Sr) ()

where Sk = argmingcgs- Agf (S*\S) and
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Optimization Condition

Proof.

Proof: Suppose mingcs: Agf(S*\S) > maxgcy s« Asf (S*\Sg) is not
satisfied, then there exists S4 C V\S* such that

Asf (S*\Sr) < As,f(S*\SR).
On the other hand

F(S7) =f(S"\Sr) + As,f (S"\Sk) (3)

(8" —Sp+Sa) =f(S*\Sr) + As,f(S*\Sr) (4)

Therefore f(S* — Sg +S4) > f(S*). This is conflict with the optimality of
S*. L]

v
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Optimization Condition

When just the singleton subset of S* is considered, a corollary of
the above optimization criterion is immediately obtained as follow.

(Corollary:necessary condition for optimality) Suppose S* is the
optimum solution of the Maximizing Activity Profit problem, then

min A, f(S\{vi}) > vfenva\’g*Avf(S*\{VR}) ()

1<i<k

where vg = minj << A, f (S*\{vi}).
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M-convexity of feasible region

Now we turn to the property of the feasible region of MAP. The
feasible region of MAPP is an M-convex set.

Theorem

(M-convexity of feasible region) The feasible region of Maximizing
Activity Profit problem F = {S|S € {0,1} A\ || S ||i= k} is M-convex set.

| A\

Proof.

For $1,5, € F and u € supp™ (S| — S,), there exists v € supp™ (51 — $»)
such that S; — x, + x», € F and S> + x., — x» € F, where g, is the indicator
vector of singleton set {u} . In fact, any v € $,\S; is candidate that
meets the requirements. By the definition of M-convex set, it follows
the theorem. O

o
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Exchange Improvement Property

By the M-convexity of feasible region of MAP, a feasible solution is
reserved unchanged under exchange operations. So we have the
following:

Theorem

(exchange improvement property) For any feasible solution S of
Maximizing Activity Profit problem, if necessary condition for optimality
is not satisfied, then S can be improved through exchange operations.

| A

Proof.
According to the optimization criterion and M-convexity of feasible
region, S — X, + Xv, € F outperforms S, that is,

f(S_XVR +%VA) :f(S) +AVAf(S\{VR}) _AVRf(S\{vR}) >f(S)’ if necessary
condition for optimality is not satisfied. O]

v
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Exchange Improvement Property

Now the definition of non-improvable solution of MAP is presented.

Definition

(non-improvable solution). S is said to be non-improvable solution of
MAP, if the necessary condition for optimality (Corollary) is satisfied.

Based on the exchange improvement property mentioned above,
we can design exchange improvement algorithm (EIA) as follow.

The basic idea behind the EIA is replace the point with the
minimum marginal gain in the current solution with the maximum
marginal gain point in V\S .

58/71



Exchange Improvement Algorithm

Algorithm 2 Exchange Improvement Algorithm for MAPP
(EIA):
Input: a solution S; of influence function maximization
problem with |Sy| = k. R
Output: a set of non-improvable solution 5.

1: Initialize ¢ =0 and S = 5,

2 Find out vp = arglq}leigﬁb.f{s\\{tf}), let A(vg) =

Avr f(S\{vr})
3: Find out v4 = arg max, Ay f(S\{vr})and let A(vs) =
vEV Y

Ay, f(S\{vr})
4 If A(vg) = A(va), then S is non-improvable, stop;
otherwise S := 5 — v + v,y and go to step 2.
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NP-harness of Supermodular Set Determine

Insurmountable difficulties to solve the MAP in practice: 1) the
NP-haedness of the problem and 2) the #P-hardness of the objective
function value computation. Furthermore 3) compute the
supermodular set is still NP-hardness.

In improved greedy algorithm (IESG), we should determine
supermodular set Df(v) for each node v € V at the initial phase.
Unfortunately, decide whether a node u« in supermodular set Df+(v) of
given v is NP-hard.

(NP-harness of supermodular set determine). To determine whether a
node u is in supermodular set Df+ (v) of given v is NP-hard.
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Upper Bound

Thus we have an upper bound of

Y, <4

ACI(S) Aco

f(§)=E

which can be reformulated as f(S) < Yacy(s)aew (¢(A) minyea{gs}). The
upper bound can be frther reformulated as

F(8) = Xacis)acar (c(A) iy Lvea{ql}) due to the inequality
minveA{qg} < ﬁZveA{LIV}
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Submodularity of Upper Bound

(submodularity of upper bound). The upper bound objective function

f(S) of Maximizing Activity Profit is submodular.

This is because the upper bound of objective function of MAPP

f(8) = ZAQI(S),Aew(C(A)ﬁ Yoea{dy}) = Lievgye(v), where

c(v) =Yscw ‘%'c(A). This is a weight version of influence maximization
problem which is submodular. O
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PERFORMANCE EVALUATION

TABLE 1
CHARACTERISTICS OF SOCIAL NETWORK DATASETS.

[ Name [ #Nodes | #Edges | Avg degree |

Facebook 899 T2, 821 165
arXiv 16, 726 66, THO 11.9
Epinions | 22,166 | 353,546 335
06 B Facebook E : =:fx°.*°°°"
El:ﬁ =‘ErD)IrIJ'IT0ﬂ$ U.E B Epinions
é 0.4 E0.4
e & 08
02 0.2
0.1 01
0 llzlolg.o!!fo“snl!ao”m!ﬁ 0 'Ill.“.ll.ln...
20 30 40 a0
Mode Degree Node Supermodular Degree

Fig. 1. Node degree and supermodular degree distribution
63/71



PERFORMANCE EVALUATION
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Fig. 2. Expected total profit vs, seed set size produced by various algorithms under uniform profit setting
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PERFORMANCE EVALUATION

5 {a) Facebook 30 ) (b) arXiv 10 (c) Epinions
Y . - . — .
‘o + Myopic s ¥ ‘ 225 + Myopic * o + Myopic w
=41 L iniMax e = 4 InfMax 1= 811 it * o ¥
£ # DegMax s & E 5q |+ Deghax . ] # DagMax v L
&3 ¥ . & % 4 &6 g A
z ot T1s H ¢ 3 e .
gg o A~ = e Y 2 4 ; ¢ a
3 L I B0} * e " 3 . -
¥ L 3 G P 9 et
21g M P e g of
3 P = M =
i P * ] 1 il ¥ W]

0 ] ] 0 L ] ] 0 ] ]

5 10 15 5 10 18 8 10 15
A & k&

Fig. 3. Expected total profit vs. seed set size produced by various algorithms under influence profit setting
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PERFORMANCE EVALUATION
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Fig. 4. Running time vs. seed set sze produced by various algorithms
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PERFORMANCE EVALUATION
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Fig. 5. Performance vs. running time for random variation
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Thank You for your attention!
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