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Search in Combined Social and Wireless Communication Networks: Delay and Success Analysis Yalin E. Sagduyu, Member, IEEE, Yi Shi, Senior Member, IEEE, and Kartavya Neema Student Member, IEEE



Abstract—This paper models and analyzes the problem of search (navigation) with local information in combined social and wireless communication networks. Social networks are modeled with short-range and long-range connections representing smallworld and scale-free network characteristics. By distinguishing the delay and success probability on different link types, the end-to-end delay distribution and success probability are first derived as functions of the social separation from the destination. New routing algorithms are then developed to improve the delay and chain completion success, and the effects of delay deadline on success probability are evaluated. The analysis is extended to the multi-layer combined social and communication network model, where wireless communication becomes the underlay to route information with the aid of social connections. The analytical results on delay and success probability are validated by comparing them with search results on a real-world social and communication network. Our results show how social connections can help reduce the search delay and increase the success probability in chain completion that runs on interdependent social and wireless communication network structures. Index Terms—Social networks; wireless communication networks; interdependent networks; search; navigation; routing; delay; deadline; success probability.



I. I NTRODUCTION HERE has been an increasing interest in studying the methods of using social network connections, such as social network-aware routing, to improve the communication network performance [1]–[5]. This paper analyzes the delay of search (or end-to-end message delivery) and chain completion success between a source-destination pair in a combined social and communication network. Each node searches the next hop in the process of finding the destination node by using only local (one-hop) information about the neighbors. This problem has been extensively studied for social networks with real-world experiments [6]–[9] and the algorithmic aspects have been analyzed [10]–[20], typically with greedy routing scheme. We leverage the Octopus model [21] to characterize the social and communication interactions in large-scale networks.
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Originally proposed for social networks, the Octopus model randomly deploys nodes in some geometric area with two types of links, i.e., short-range connections (SRCs) and longrange connections (LRCs). SRCs exist between a node and each of its neighbors that are socially separated within some range. LRCs are other social connections following some distributions, e.g., power-law distributions to model scale-free networks [22], and together with SRCs they model the smallworld phenomenon [23]. For a social network generated by the Octopus model, the delay properties of the search problem have been developed in [21], [24] based on two assumptions that (i) the delay incurred in one hop is one time unit, independent of the type of links (SRC or LRC), and (ii) all chains are completed (i.e., there is no link failure in end-to-end searches). These two assumptions do not necessarily hold in real networks. We extend the Octopus model to capture heterogeneous delays on unreliable SRCs and LRCs, and after introducing probabilistic link failures, we develop new routing algorithms to improve the delay and endto-end success probability in social search. This approach also serves as the first step to extend the Octopus model to cover the combination of social and communication networks with heterogeneous delays and success probabilities on different link types. Information can be transferred through either social or communication links. For example, in cellular networks, social links on top of the 3G/4G infrastructure may constitute an overlay network, and at the same time WiFi or Bluetooth links of smart phones may establish a wireless ad hoc network with peer-to-peer communication. Such multi-layer network structures have many applications including emergency broadcasts, trusted communications, and secure key exchanges. The joint analysis on such a combined network is needed to reveal how one network affects the other in the context of information delivery in interdependent networks [25], [26]. Wireless communications with limited transmission range can be modeled as a random geometric graph, which is a special case of the Octopus model. Applying this property, we integrate communication networks with social networks induced by the Octopus model and obtain analytical expressions for the delay distribution and success probability (subject to link failures and delivery deadlines) in the combined network. The analysis is validated with large-scale search simulations as well as with search results on a real-world network data set [27]. Our results show that the combined network structure can support information transfer applications with better performance in
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terms of delay and/or success probability by using social links in communication network. Our contributions can be summarized as follows: 1) we validate analytical result on social search delay by using real-world social network data; 2) we analyze the impact of errors in social separation knowledge on search delay; 3) we analyze search delay under different delay properties on SRCs and LRCs, and improve delay performance by a new routing algorithm; 4) we analyze the impact of link success probability on the end-to-end chain completion probability; 5) we apply our analytical results to combined social and wireless communication networks and validate search characteristics by using a real-world data set. 6) we quantify how the combination of social and wireless communication networks improves search performance. The reminder of this paper is organized as follows. Section II presents the Octopus model for social and communication networks and validate social search delay analysis by real-world data. Section III analyzes the potential increase of search delay with errors in social separation knowledge. In Section IV, we analyze the delay distribution with different delay properties on SRCs and LRCs, and develop a new routing algorithm to reduce delay. In Section V, we model the probabilistic success on each link and analyze the endto-end chain completion success. In Section VI, we consider the problem of search on combined networks, and analyze the delay and chain completion characteristics with heterogeneous and unreliable (social/communication) links. In Section VII, we use a real-world (combined social and communication network) data set to validate the search characteristics. Section VIII summarizes the contributions. II. O CTOPUS M ODEL We consider a network generated by the Octopus model [21] to model the small-world phenomenon in social networks [23]. There are n nodes randomly deployed on a disk with unit radius (the topology layout can also be assumed arbitrary [21]). A node has a SRC to another node if the distance between them is less than a range r, and has nLRC LRCs, which are chosen among nodes outside the range r. Here, nLRC can follow any arbitrary distribution, e.g., power law distribution to model scale-free networks [22]. The distance between two nodes refers to social separation when one node searches for the other node. This model has been studied in [21] for the asymptotic case (as n grows to infinity such that there is an infinite number of SRCs per node) with the unit delay over reliable SRCs or LRCs. Each node has only local information of the distance of its own and of its neighbors to the destination. A. Greedy Routing A greedy routing algorithm is used in [21] for social search. Each node i on the path to the destination node b chooses its next-hop node j ∈ Ni with the minimum distance Hj,b (or with the minimum social separation hj,b ) from the destination
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b, where Ni is the neighborhood set of node ji, Hj,b k is the Hj,b + 1 is distance between nodes j and b, and hj,b = r the social separation (measured in hops) between nodes j and b. Note that the social separation is equal to the number of hops to reach each other using SRCs only. When there is a tie between SRC and LRC, i.e., the best LRC decreases the separation by one, node i chooses a SRC to break the tie. We apply this greedy routing and extend it in Sections IV-B and V-B to improve delay and success probability, respectively. B. Delay Properties of Octopus Model under Greedy Routing Denote ϕ(t) = E[tnLRC ] as the probability generating function of the number of LRCs, nLRC , per node, where the expectation is taken with respect to the distribution Q of 2 (i−1)2 as the probability that a given nLRC , and βi = 1 − r 1−r 2 LRC lies outside the disk of radius (i − 1)r centered at the destination node. Note that ϕ(t) = tnLRC , if the number of LRCs is fixed and equal to nLRC . The delay on each hop is assumed to be one unit of time. Denote Tk as the average delay to travel from any node x to destination b with hop separation hx,b = k, M1 as the location of the next hop node, Xb as the location of the destination and ρ(·, ·) as the distance between any two locations inside the network domain. In [21], it has been shown that P ((i − 1)r ≤ ρ(M1 , Xb ) < ir) = ϕ(βi ) − ϕ(βi+1 ), 1 ≤ i ≤ k − 2, for a LRC and P ((k − 2)r ≤ ρ(M1 , Xb ) < (k − 1)r) = ϕ(βk−1 ) for a SRC. We can analyze the average delay by considering the first hop event. With probability ϕ(βk−1 ), the first hop is a SRC and the social separation is reduced by 1 from k to k − 1. Otherwise, the first hop is a LRC and the social separation is reduced from k to i with probability ϕ(βi ) − ϕ(βi+1 ), where i = 1, 2, ..., k − 2 (based on the routing algorithm described in Section II-A). As derived in [21], the delay for social separation k ≥ 2 is recursively expressed as u(k)



Tk = 1 + Tk−1 ϕ(βu(k)+1 ) +



X



Ti (ϕ(βi ) − ϕ(βi+1 )),



(1)



i=1



where the first term “1” is the delay for the next hop, ϕ(βu(k)+1 ) is the probability the next hop is a SRC and Tk−1 is the remaining delay if the next hop is a SRC, (ϕ(βi ) − ϕ(βi+1 )) is the probability the next hop is a LRC that decreases hop distance to i and Ti is the remaining delay. The initial condition is T1 = 1 and u(k) = k − 2.



(2)



Similarly, we can find the probability distribution of delay by conditioning on the first hop, which is either a SRC or a LRC from a node x with social separation hx,b = k to another node y with hy,b = i. For given social separation k ≥ 2, the probability that the delay is m (1 ≤ m ≤ k) is recursively expressed as Pk (m)



= Pk−1 (m − 1)ϕ(βu(k)+1 ) u(k)



+



X



Pi (m − 1)(ϕ(βi ) − ϕ(βi+1 )),



i=1



with initial conditions Pk (0) = 0, k ≥ 1, and P1 (1) = 1.



(3)
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C. Communication Network: Special Case of Octopus Model An ad hoc communication network can be modeled as a random geometric graph, where nodes are uniformly and independently distributed on a region (e.g., disk), and two nodes i and j are connected if and only if the distance between them is less than a threshold r, i.e., Hi,j < r. Here, r is equal to the transmission/reception range rC in a wireless network. Random geometric graph is a special case of the Octopus model without LRCs (i.e., nLRC = 0 and ϕ(βi ) = 1) such that the delay properties are reduced to Tk = k and Pk (m) = 1, if m = k, or Pk (m) = 0, otherwise. In Section VI, we will combine a wireless communication network with the social network induced by Octopus model. This combination requires different delay properties assigned to SRCs and LRCs. We will start with analyzing heterogeneous link delays in Section IV. D. Validation with Real-World Network Data First, we verify Octopus model and preliminaries for search properties with real-world social network data. The data used for this purpose is the Arxiv HEP-TH (high energy physics theory) citation network [28] that has been used in [13] for a general network search problem. We select all papers in 1995-2000 and build the connectivity graph, where there is an undirected edge from i to j, if a paper i cites paper j. This graph has 21,097 nodes and 224,999 edges. Connections in citation network are unidirected and highly topic related. These types of connections are similar to mentions, replies or retweets in an interaction graph built from Twitter network. We perform social search by finding paths between randomly selected source-destination pairs in the citation graph. Ideally, social distance should be defined as the minimum hop distance between two nodes. But such distances are not available to individual nodes since nodes have only one-hop local information. If there is an edge between two nodes i and j, the distance between them is set to h1i,j = 1. Otherwise, h1i,j = 2. We can also use the similarity (in terms of paper content) to define the distance assuming two similar papers should have small hop distance. We define a set Si to include all words that appear in the title and abstract of paper i (some common words, e.g., “a/an”, may exist in any paper and are excluded from Si ). The Jaccard similarity between papers i |S ∩S | and j is defined as si,j = |Sii ∪Sjj | . Then, we can define distance as h2i,j = 1 − si,j . We observed that greedy routing based on either h1i,j or h2i,j usually finds long paths, i.e., they alone do not reflect shortest path characteristics. Therefore, we define a distance hi,j = h1i,j + (1 − δ)h2i,j that combines local connectivity information and similarity, where δ is a small positive number. We fit the citation graph to the Octopus model via exhaustive search to minimize the difference of average node degree in the (real) citation graph and the (synthetic) Octopus model that we generate with different parameters (r, α), where r is the range of the SRCs and α is the power law exponent of the LRCs. We run the social search on both the fitted graph and the original citation graph. Both graphs have 21,097 nodes and the average node degree is 21.33 in citation graph and 22.26 in Octopus model with selected r = 0.0225 and α = 2.01.



TABLE I E FFECTS OF



DISTANCE ESTIMATION ERROR ON AVERAGE SEARCH DELAY.



Error Average Delay



ǫ=0 7.68



ǫ = 0.05 14.31



ǫ = 0.1 26.55



ǫ = 0.15 34.01



However, citation graph is subject to a larger average search delay (28.30 hops) compared to the Octopus model (with average search delay of 7.68 hops). The reason is that the local estimation of the distance does not accurately represent the actual distance (i.e., shortest path length) and includes estimation errors, although Octopus model assumes that each node accurately knows the distance of itself and its neighbors to the destination. For more realistic modeling, we can add an error term ei,j (chosen uniformly random from the range [−ǫ, +ǫ]) to each element of distance matrix in Octopus model. Table I shows that as the error magnitude ǫ increases, the social search delay under Octopus model increases as well. The error is between 0.1 and 0.15 to fit the social search delay close to citation graph. Next, we will analyze the effects of distance estimation error on the social search delay under the Octopus model. III. E FFECTS OF E STIMATION E RROR



ON



S EARCH D ELAY



Greedy routing assumes that each node knows the distance (social separation) of itself and its neighbors to the destination. However, a node may have only incomplete local information and it has been noted in [8] that the small-world paths are significantly longer (40%) than the shortest paths because people often make the wrong small-world choices in social search. To quantify this phenomenon, we model the local uncertainty of individual users on the global social separation ˆ is the by introducing two error probabilities: 1) e1 (k, k) probability that a node x with actual social separation hx,b = k ˆ 2) e2 (i, ˆi) from the destination b estimates its separation as k; is the probability that a node estimates that neighbor node y with actual social separation hy,b = i from the destination b has social separation ˆi. We assume that Octopus model continues to hold with the same parameters (SRC range r and LRC distribution Q) in the estimated distance graph. Also we assume T1 = 1 (i.e., no error when the destination is one hop away). Conditioned on the first hop, the average delay is Tk



=



1+



ˆ k k) kX max u( max X X



ˆ ϕ˜ˆ ˆ e2 (i, ˆi)Ti e1 (k, k) i,k



ˆ ˆi=1 i=1 k=1



=



1+



kX max ˆ k=1



ˆ u(k)



ˆ e1 (k, k)



X ˆi=1



ϕ˜ˆi,kˆ



kX max



e2 (i, ˆi)Ti ,



(4)



i=1



for 2 ≤ k ≤ kmax , where depending on whether the first hop ˆ is SRC or LRC, ϕ˜i,kˆ is ϕ(βˆi ) for ˆi = k−1 and ϕ(βˆi )−ϕ(βˆi+1 ) ˆ ˆ for i = 1, ..., k − 2. We have kmax − 1 equations by (4) on variables Tk , 2 ≤ k ≤ kmax and canPcompute the values for kmax Tk ’s. The only requirement is that k=1 e1,kˆ (k) = 1 and Pkmax 1 ⌋ + 1 is the maximum e (i) = 1, where k = ⌊ max i=1 2,ˆi r separation between any two nodes. If there is no error, we have ˆ and 0, otherwise, e ˆ(i) = 1, if i = ˆi, e1,kˆ (k) = 1, if k = k, 2,i
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Fig. 1. The average search delay under social separation estimation errors.



and 0, otherwise, and (4) is reduced to (1). If the distances estimated for other nodes are independent from the actual distances, e2 (i, ˆi) is given by (2i − 1)r2 , if i = 1, ..., kmax − 1, and by 1 − (kmax − 1)2 r2 , if i = kmax . Then, the average delay is T1 = 1 and Tk = 1 + r12 , k ≥ 2. For numerical results in this paper, we set r = 0.05 and assume a deterministic number of LRCs, nLRC = 3, per node ˆ (unless stated otherwise). We assume no error for e1 (k, k) and uniform error pattern over one or two hops for e2 (i, ˆi). Figure 1 shows for kmax = 20 how the delay increases with errors in estimating social separation. At the saturation (as k grows), the one- and two-hop errors increase the social search delay by 49% and 247%, respectively. We can use the delay in (4) to model realistic social search with longer delays under potential errors. The average delay saturates as the social separation k grows, pointing at the “small-world” phenomenon (even under estimation errors) in the sense that the delay between source-destination pairs remains bounded as the number of nodes grows to infinity. Results show that this trend holds irrespective of estimation errors. Another potential source for delay discrepancy is that different link types may have different delays such as LRCs incurring longer delays than SRCs. We need such heterogeneous link delays to construct combined social and communication network. Therefore we will focus next on this case and extend Octopus model to heterogeneous link delays.
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Fig. 2. The average search delay under different link delays.



hop in social search. The first hop is a SRC with probability ϕ(βu(k)+1 ) such that the social separation of u(k) + 1 = k − 1 hops is left towards the destination, and this SRC incurs delay DS . Similarly, the first hop is LRC with probability ϕ(βi ) − ϕ(βi+1 ) such that the social separation of i hops is left towards the destination, and this LRC incurs delay DL . Conditioned on this first hop event, the probability that the delay is d ∈ Dk = {sDS + lDL : s ≥ 0, l ≥ 0, s + l = k} for given social separation k ≥ 2 is recursively expressed as Pk (d)



=



Pk−1 (d − DS )ϕ(βu(k)+1 ) u(k)



+



X



Pi (d − DL )(ϕ(βi ) − ϕ(βi+1 )),



(5)



i=1



where ϕ(βu(k)+1 ) is the probability that the next hop is a SRC and Pk−1 (d−DS ) is the success probability for the remaining path, (ϕ(βi ) − ϕ(βi+1 )) is the probability that the next hop is a LRC that decreases hop distance to i and Pi (d − DL ) is the success probability for the remaining path. The initial conditions are Pk (d) = 0 if d 6∈ Dk and P1 (DS ) = 1. ¯ PThe average delay can be directly derived from Dk = d∈Dk Pk (d)d, or can be recursively found by conditioning on the first hop as follows: ¯k D



¯ k−1 )ϕ(βu(k)+1 ) = (DS + D u(k)



IV. O CTOPUS M ODEL WITH H ETEROGENEOUS L INK D ELAYS A. Delay under Greedy Routing To combine social and communication links, we need to assign heterogeneous delay properties to different links (SRCs and LRCs in the combined network). The original Octopus model assumed the same delay for SRCs and LRCs. We now distinguish DS and DL as the delay of a SRC and LRC, respectively. For example, DS may correspond to one-hop search delay between close friends and DL may correspond to one-hop search delay between acquaintances (e.g., Facebook social network allows users to organize their friends into categories of close friends and acquaintances as well as into restricted and custom lists). We consider a source-destination pair with social separation k and obtain the delay distribution by conditioning on the first



+



X



¯i )(ϕ(βi ) − ϕ(βi+1 )), (DL + D



(6)



i=1



¯ k−1 ) is the delay for the remaining for k ≥ 2, where (DS + D ¯i ) is the delay for the path if the next hop is a SRC, (DL + D remaining path if the next hop is a LRC that decreases hop ¯ 1 = DS . distance to i. The initial condition is D The average delay of social search under heterogeneous delay properties is shown in Figure 2 for different values of social separation k, (deterministic) number of LRCs nLRC , and LRC delay DL , where r = 0.05 and DS = 1. The delay Dk is close to linear (namely, close to k achieved by SRCs only) for a small social separation k but saturates as k increases such that nodes can find each other with a bounded delay irrespective of how far they are from each other. This saturation point of social separation increases with DL and decreases with nLRC .
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Fig. 3. Analytical and simulation results for the average search delay.



Fig. 4. The average search delay under different routing algorithms.



Next, we compare the analytical delay results with simulations, where we generate finite-size random networks of n = 5000, 10, 000 and 15, 000 nodes according to the Octopus model with parameters r = 0.05 and nLRC = 3. Then, greedy routing is run by varying DL and fixing DS = 1. The average number of SRCs per node would go to infinity in the asymptotic model of the analysis and simulations can only approximate the analysis by achieving the average delay of 12.29, 24.45 and 36.65 SRCs per node, respectively, for n = 5000, 10, 000 and 15, 000 nodes. Figure 3 shows that as n increases, the average delay of simulated greedy search approaches the analytical values computed from (6). B. New Routing for Delay Improvement The original greedy routing algorithm selects the next node i to be closest (in terms of social separation) to the destination b independent of the delay caused by that hop (SRC or LRC). By distinguishing delays on SRCs and LRCs, we modify the greedy routing algorithm such that any node i selects neighbor h −h j with the maximum value of i,bDi,j j,b as the next hop, where Di,j is the delay of link from node i to node j and is either DS or DL depending on whether the link (i, j) is SRC or LRC, respectively. The derivation of delay characteristics is similar to the original greedy routing. For a link (i, j), we have ( 1 for SRC (i, j) hi,b − hj,b DS = . hi,b −hj,b for LRC (i, j) Di,j DL h



V. C HAIN C OMPLETION S UCCESS A chain (a search path) of social search may not be completed because of the failure of links on that path. For instance, only 18 out of 96 message chains were completed in a realworld mail experiment (i.e., the success probability is 0.1875) [6] and only 384 out of 24,163 message chains were completed in an online e-mail experiment (i.e., the success probability is 0.0158) [7]. There are several reasons for the dead end of a message chain before reaching the destination, e.g., (i) the receiving side of the link may drop the message (e.g., the message is considered spam) or (ii) greedy routing may not find a link with positive progress towards the destination (because of the finite nature of the underlying connectivity graph). We aim to model failures in chain completion by assigning a forwarding probability to each link. A. Success Probability under Greedy Routing We distinguish the forwarding probabilities PfS and PfL for SRCs and LRCs, respectively. The first hop is a SRC with probability ϕ(βu(k)+1 ) such that the social separation of k − 1 hops is left towards the destination, and this SRC is successful with probability PfS . Similarly, the first hop is a LRC with probability ϕ(βi )−ϕ(βi+1 ) such that the social separation of i hops is left towards the destination, and this LRC is successful with probability PfL . Conditioned on this first hop event, the end-to-end success probability is recursively expressed as u(k)



−h



LRC link (i, j) is chosen compared to SRC link, if i,bDL j,b > 1 DS . This condition can be rewritten as hj,b ≤ u(hi,b ), where u(k) = k − ⌊DL /DS ⌋ − 1.
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¯ k follow from (5) and (6), respectively, Then, Pk (d) and D with the only change that u(k) is given by (7) instead of (2). Figure 4 shows the average delay for r = 0.05, nLRC = 3 and DS = 1. If DL = DS , the two routing algorithms are the same. The delay gain of modified routing increases with DL . For large value of DL , the original greedy routing may perform worse than using SRCs only (e.g., for DL = 5 in Figure 4), whereas the new routing prevents such cases and improves the delay performance. For instance, the measured delay reduction is 14% for DL = 5 and k = 12.



Sk = PfS Sk−1 ϕ(βu(k)+1 ) +



X



PfL Si (ϕ(βi ) − ϕ(βi+1 )) (8)



i=1



for k ≥ 2, where the initial condition is S1 = PfS and u(k) is defined by either (2) or (7) based on the greedy routing used. Similarly, the delay distribution is recursively expressed as Pk (d)



1 [Pf Pk−1 (d − DS )ϕ(βu(k)+1 ) Sk S u(k) X PfL Pk−1 (d − DL )(ϕ(βi ) − ϕ(βi+1 ))] (9) +



=



i=1



for k ≥ 2, d ∈ Dk , where the initial conditions are Pk (d) = 0, if d 6∈ Dk , and P1 (DS ) = 1. In (9), we only consider the successful end-to-end searches by normalizing the distribution
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Fig. 6. The success probability under different routing algorithms.



Fig. 5. Analytical and simulation results for the success probability.
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B. New Routing for Success Probability Improvement We introduce a new routing algorithm to improve the successful chain completion. Define Pfi,j as the probability of success on a link from node i to node j. Note that Pfi,j is either PfS or PfL depending on whether the link (i, j) is SRC or LRC, respectively. Node i selects neighbor j ∈ Ni with the maximum value of Pfi,j (PfS )hj,b as the next hop subject to the condition hj,b < hi,b that ensures positive progress towards the destination. The first term Pfi,j in Pfi,j (PfS )hj,b corresponds to the probability of success in the next hop and the second term (PfS )hj,b corresponds to the probability of success on the remaining path to the destination by using SRCs. With local information only, node i cannot know the number and type of hops in the remaining path and simply estimates this path by hj,b SRCs as done explicitly in the original greedy routing algorithm. Note that this new success-based routing algorithm is reduced to the original greedy routing for PfS ≤ PfL . For a link (i, j), we have  for SRC (i, j) (PfS )hi,b +1 Pfi,j (PfS )hj,b = . (PfL )(PfS )hj,b for LRC (i, j) Then, LRC link (i, j) is chosen compared to SRC link, if (PfL )(PfS )hj,b > (PfS )hi,b This condition can be rewritten as hj,b ≤ u(hi,b ), where u(k) = k − ⌊log(PfL )/ log(PfS )⌋ − 1.



(10)



With this u(k), the success probability follows from (8) and the delay distribution follows from (9).
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with respect to the end-to-end success probability Sk . With this ¯ k. distribution, we can calculate the average delay D We compare the analytical results of success probability with simulations, where we generate random networks according to the Octopus model with r = 0.05 and nLRC = 3. Figure 5 shows that the success probability Sk is close to (PfS )k (achieved by using SRCs only) for small values of k and saturates to a finite value as k increases, i.e., nodes can find each other with a bounded success probability independent of their separation. This end-to-end success probability increases with increasing link success probabilities PfS and PfL . As the number of nodes increases, the success probability in simulated greedy searches approaches the analytical values under heterogeneous SRC and LRC link forwarding probabilities.
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Fig. 7. The success probability under delay deadlines.



Figure 6 shows the average delay for r = 0.05, nLRC = 3 and PfS = 0.9 under the original and success-based routing algorithms. If PfL = PfS , the two routing algorithms are the same. As PfL decreases, the gain of chain completion success probability under the modified routing increases. For small PfL , it is possible that the original greedy routing performs worse than using SRCs only (e.g., for PfL = 0.25 in Figure 6), whereas the new routing prevents such cases. For instance, the measured success probability gain is 32% for PfL = 0.5 and k = 12. C. Chain Completion Success under Deadlines Another reason of unreliability in social search is that messages may arrive at the destination later than some deadline τ and therefore they expire and cannot contribute to the end-toend success probability. Then, the probability of successfully finding a destination with social separation k ≥ 1 is given by P Sk = d∈Dk ,d≤τ Pk (d),



where Pk (d) is the delay distribution under either the original or new algorithm. The success probability Sk under different deadlines and the original greedy algorithm is shown in Figure 7 for r = 0.05, nLRC = 3, DS = 1, DL = 2, PfL = 0.75 and PfS = 0.9. Note that Sk decreases as τ decreases or k increases. With deadlines, there is a significant drop in success probability because the deadline expiration may contribute to most of the failures in chain completion compared to link failures.
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VI. C OMBINED S OCIAL -C OMMUNICATION N ETWORK In previous sections, we build the preliminary tools to analyze combined social and wireless communication networks. We consider a wireless network as the underlay communication network. In addition to the wireless network, there is a social network, where nodes can communicate via social links. For the analysis of search problem in combined social and communication networks, we extend the model of different social link delay and success properties, and map social links to a communication network. Rather than modeling each network separately, we model them as one combined network and distinguish the delay and success properties of communication and social links that coexist with different levels of geographic and social separation. We consider the information transfer through the combined network, where the information can be carried between source-destination pairs by either communication or social links. An ad hoc communication network can be modeled as a random geometric graph with communication range rC (see Section II-C), where nodes are uniformly and independently distributed on a region (e.g., a disk with radius r), and two nodes are connected if and only if the distance between them is less than a threshold rC . The threshold rC is the transmission/reception range and typically depends on the transmission power, the signal-to-noise-ratio (SNR) requirement of wireless radios and the wireless channel characteristics, such as path loss, RMS delay spread, and interference. We merge this random geometric graph with the social network induced by the Octopus model. There is a oneto-one mapping from nodes in social network to nodes in communication network. Based on this mapping, we integrate SRCs and LRCs in social network to the communication network and construct the combined network. Let DC denote the communication link delay, which corresponds to the transmission/reception delay, and DS and DL denote the SRC and LRC social link delays, which correspond to the processing delay by people when forwarding messages. We assume DC ≤ DS ≤ DL . In the social network, the distribution of the number of SRCs, QS , follows a Binomial distribution, which becomes a Poisson distribution, as the number of nodes goes to infinity, whereas the number of LRCs follows a general distribution QL . We map social links to the communication network. Then some of these links coincide with communication links, whereas some of them become LRCs in the combined graph. The number of SRCs in the social network that become LRCs in the combined graph follows the distribution QC,S (n′ ) =



P∞



2 ), n′ ≥ 0, (11) QS (n)B(n′ , n, 1 − rC



P∞



2 ), n′ ≥ 0. (12) QL (n)B(n′ , n, 1 − rC



n=n′



 2 2 n′ 2 n−n′ where B(n′ , n, 1 − rC ) = nn′ (1 − rC ) (rC ) is the probability that n′ out of n nodes are outside the communication range and the rest are in the communication range. Similarly, the number of LRCs in the social network that become LRCs in the combined graph follows the distribution QC,L (n′ ) =



n=n′



7



In the combined (social and communication) network, the total number of LRCs follows the distribution Pn′ QC (n′ ) = i=0 QC,S (i)QC,L (n′ − i), n′ ≥ 0. (13)



To analyze the success probability, let ϕC (t), ϕC,S (t) and ϕC,L (t) denote the probability generating function of the number of LRCs, nLRC , per node, where the expectation is taken with respect to the distribution QC , QC,S and QC,L , respectively. We condition on the first hop in u(k)+1 the combined graph. Then ϕ˜C = ϕC (βu(k)+1 ) is the probability that a communication link is chosen, ϕ˜iC,S = (ϕC,S (βi ) − ϕC,S (βi+1 ))ϕC,L (βi ) is the probability that no social link can reduce social separation to i − 1 and that at least one a social SRC reduces social separation to i, and ϕ˜iC,L = (ϕC,L (βi )−ϕC,L (βi+1 ))ϕC,S (βi+1 ) is the probability that no social link can reduce social separation to i − 1 and that at least one a social LRC reduces social separation to i. By using one of the greedy routing algorithms (with the proper choice of u(k)), the success probability for given separation k on the combined network is u(k)



Sk =



u(k)+1 PfC Sk−1 ϕ˜C



+



X



(PfS ϕ˜iC,S + PfL ϕ˜iC,L )Si (14)



i=1



for k ≥ 2, where the initial condition is S1 = PfC . The probability that the delay is d ∈ Dk = {cDC + sDS + lDL , c ≥ 0, s ≥ 0, l ≥ 0, c + s + l = k} for given separation k ≥ 2 is recursively expressed as Pk (d)



=



1 u(k)+1 [Pf Pk−1 (d − DC )ϕ˜C Sk C



u(k)



+



X



(PfS Pi (d − DS )ϕ˜iC,S + PfL Pi (d − DL )ϕ˜iC,L )],(15)



i=1



where the initial conditions are Pk (d) = 0, if d 6∈ Dk , and ¯ k can be calculated P1 (DC ) = 1. Then the average delay D from (15), or can be recursively expressed as u(k)



¯k D



¯ k−1 )ϕ˜k−1 + = (DC + D C,S



X



¯ i )ϕ˜iC,S (DL + D



i=1



u(k)



+



X



¯ i )ϕ˜iC,L (DS + D



(16)



i=1



¯ 1 = DS . for k ≥ 2, where the initial condition is D For performance evaluation, we assume that the number of LRCs for social links is Poisson distributed with mean 3, the number of SRCs for social links is Binomial distributed with mean 4, and rC = 0.05. Figures 8 and 9 show the average search delay and success probability in the combined network under the original greedy routing. When the network uses social links as part of routing, the average delay can be reduced (as shown in Figure 8) and this gain increases as the social link delays DL and DS decrease. Similarly, the success probability increases by the use of social links (as shown in Figure 9) and this gain increases as the social link success probabilities PfS and PfL increase. Figure 10 shows the ratio of the average number of social links used (in comparison with communication links) for
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Fig. 8. The search delay in the combined network.
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Fig. 10. The ratio of social links used in the combined network.
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Fig. 9. The success probability of search in the combined network.



Fig. 11. The delay in the combined network under real-world data compared with analytical results.



different delays under delay-based routing and for different success probabilities under success-based routing. As the delay increases or success probability decreases over communication links, the network starts using more social links, and this adaptation capability between social and communication links allows the effective use of combined social and communication network resources, and improves the combined network performance (including the end-to-end delay and the end-toend success probability).



This way, we obtain that rC = 0.05 (for network radius of 1), the number of LRCs for social links is Poisson distributed with mean 5, and the number of SRCs for social links is Binomial distributed with mean 6. By assuming DS = DL = 6, PfS = PfL = 0.5, PfC = 0.5DC /6 and varying DC from 1 to 3, we run delay-based routing on two networks, induced by real-world data and fitted Octopus model graph. Figure 11 shows the delay in the combined network under real-world data compared with analytical results. Note that the analysis assumes infinite number of nodes while the data set has a large but finite number of nodes, which causes the gap between analytical and dataset results. Real dataset results are close to the analytical delay computation and match the analytical trends, (i) search delay increases with communication link delay, (ii) search delay increases with separation and first it remains close to linear but then quickly saturates. Similar results will follow for success probability.



VII. R EAL -W ORLD DATA VALIDATION We use Gowalla dataset [27] to validate the Octopus model and search results in the combined social and communication network. Gowalla was a location-based social network, where users were able to check in to visited locations using their mobile device. This dataset provides friendship links and user locations over time. First, we filter the data with respect to location and maintain 4,395 users, who have checked in within 500m radius of the Austin city center at least once. We compute the average node locations in this range and select the user closest to the center as the destination and the rest of users as the sources of potential searches. We assume 25m as the communication range between users. There are 21,948 communication links and 24,173 social links. In this setup, we assume that users can use both social (friendship) links (e.g., through cellular backbone) and communication links (e.g., through a multi-hop ad hoc network) to reach the destination. We build the Octopus model by fitting the communication range and average degree of social links to the Gowalla data.



VIII. C ONCLUSION We analyzed the search delay and chain completion success in combined social and communication networks. First, we evaluated the distribution of social search delay under heterogeneous link delays and validated results with real-world data under distance estimation error models. Then, we analyzed the end-to-end search success probability under unreliable links and delivery deadlines. We extended the search problem to combined social and communication networks and analyzed the search delay and chain completion characteristics on the generalized Octopus model with social and communication
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