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Abstract



a unifying framework for many optimization problems such as knapsack, sequence alignment in molecular biology, inscribed polygon construction, and length-limited Huffmancoding, etc. (Eppstein [4] is a good reference for shortest paths and their applications.) Most complex applications of the shortest path problem, however, require more than just the calculation of a single shortest path. In some applications, the desired path might be subject to additional constraints that are hard to quantify. In others it might be useful to examine not just the shortest but a larger set of “short paths.” It some applications, it is desirable to see how the shortest path is influenced by various system parameters, through a “sensitivity analysis.” Our problem belongs to this last category. We wish to determine, for each edge e in a graph, what effect e’s deletion has on the shortest path between two given nodes. Our problem is motivated by recent interest in pricing networks and computing resources, which in turn is prompted by the prominent role the Internet has come to play in our lives. One of the distinguishing characteristics of the Internet is that it involves interaction among multiple (often very many) self-interested participants. These participants (organizations, people, computers, software), called “agents” in the AI terminology, cannot be trusted to follow the rules of a protocol, especially if deviating from the protocol is beneficial to the agent. Thus, unlike traditional distributed computing protocols, a protocol for these new settings must be designed explicitly to account for willing manipulation by the users. We briefly describe an example that helps illustrate this phenomenon. One of the most famous distributed protocols on the Internet is the Transmission Control Protocol (TCP), implemented on each host on the Internet. An important feature of this protocol is its congestion control mechanism. The protocol uses packet loss as an indication of network congestion, and is designed to reduce the sending host’s transmission rate (using a fairly aggressive exponential back-



We solve a shortest path problem that is motivated by recent interest in pricing networks or other computational resources. Informally, how much is an edge in a network worth to a user who wants to send data between two nodes along a shortest path? If the network is a decentralized entity, such as the Internet, in which multiple self-interested agents own different parts of the network, then auctionbased pricing seems appropriate. A celebrated result from auction theory shows that the use of Vickrey pricing motivates the owners of the network resources to bid truthfully. In Vickrey’s scheme, each agent is compensated in proportion to the marginal utility he brings to the auction. In the context of shortest path routing, an edge’s utility is the value by which it lowers the length of the shortest path—the difference between the shortest path lengths with and without the edge. Our problem is to compute these marginal values for all the edges of the network efficiently. The na¨ıve method requires solving the single-source shortest path problem up to n times, for an n-node network. We show that the Vickrey prices for all the edges can be computed in the same asymptotic time complexity as one single-source shortest path problem. This solves an open problem posed by Nisan and Ronen [12].



1. Introduction Shortest paths are fundamental in many areas of computer science, operations research, and engineering. Their applications include network and electrical routing, transportation, robot motion planning, critical path computation in scheduling, etc. In addition, shortest paths also provide  Subhash Suri’s research on this paper was partially supported by National Science Foundation grants CCR-9901958 and ANI-9813723.
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off). It then gradually increases the transmission rate until another sign of congestion is detected. This cycle of increasing and then decreasing the transmission rate allows the protocol to discover and utilize whatever bandwidth is available between two communicating hosts, while at the same time sharing the overall resource among many such pairs. TCP is self-regulating, meaning that it assumes that individual hosts will respond to congestion exactly as the designers of the protocol intended. But a self-interested host (agent) has motivation not to decrease its sending rate in the hope that others will reduce their rate, eliminating the congestion, while he can continue to enjoy the higher rate. In one extreme case, no one follows the TCP congestion rules, and the system crashes; in another extreme case, a few misbehaving users enjoy an unfair share of the network resources, while the rule-abiding majority of users suffer. Because a protocol like TCP is easily manipulated, many researchers have proposed game-theoretic and pricebased mechanisms to share bandwidth and other network resources [5, 13, 19]. In this context, a natural economic question is this: how much is an edge in a network worth to a user who wants to send data between two nodes along a shortest path? If the network is a decentralized entity, such as the Internet, in which multiple self-interested agents own different parts of the network, then an auction is often the best mechanism to determine the utility of various network elements. A celebrated result from auction theory shows that the use of Vickrey pricing motivates the agents to bid truthfully. In Vickrey’s scheme, each agent is compensated in proportion to the marginal utility he brings to the auction. The insight of Vickrey is that although agents have an incentive to lie about their costs in the hope of receiving larger compensation from the network, making an edge’s payment depend only on the declarations of other agents eliminates this manipulative element.1 Suppose we are interested in discovering the shortest path from node x to node y in a network G, whose links are owned by self-interested agents. We assume that agents bid on individual links—that is, either each agent owns at most one link, or if an agent owns multiple links, he bids on each independently. (We do not consider the setting where an agent can make strategic bids on subsets of links. In



such bundle auctions, even determining the winning bids is NP-complete, but under a restricted setting Bikhchandani et al. [2] solve the Vickrey payment problem using linear programming.) The network employs the Vickrey pricing mechanism to elicit agents’ true preferences (costs). The payment pe made to an edge e is determined as follows:



p



e



8 d(x; y; G n e) d(x; y; Gj ) < if e is on the shortest path =: 0 otherwise e=0



(1)



That is, if edge e does not belong to the shortest path in G, then its agent receives zero payment. Otherwise, the payment to e is the difference between the cost of the shortest path without e, and the cost of the shortest path assuming e is free. This formulation is from Nisan and Ronen [12], who posed the following question: what is the computational complexity of determining all the Vickrey payments? The straightforward method requires computing the x–y shortest paths up to n times: once in G, and once in G n e, for each e that belongs to the shortest path in G. The payment function expressed in equation (1) requires two shortest path computations, but the second term can easily be deduced from the shortest path distance d(x; y ; G), for each e that belongs to the shortest path. In a graph with n nodes and m edges, each shortest path can be computed in O(n log n + m) time using Dijkstra’s algorithm, if all the edges have non-negative costs, or in O(nm) time using the Bellman-Ford algorithm, if the network has negative cost edges but no negative cycles [3]. Since there are at most n 1 edges on the shortest path from x to y, the na¨ıve method’s total cost for computing the payments to all the agents is O(n2 log n + nm) for non-negative cost networks, and O(n2 m) for networks with negative edge costs. Our main result is an algorithm to compute the Vickrey payments to all the agents in essentially the same time bound as one single-source shortest path computation. Our algorithm builds two shortest path trees, one based on x and the other based on y , and computes the payment term d(x; y; G n e) for each edge e by combining parts of these trees. The total time complexity is O(m + n log n) if the edge costs are non-negative, and O(nm) otherwise.



2. Related work



1 The Vickrey mechanism is a generalization of the well-known sealed bid second price auction, in which an object is sold to the highest bidder, but the winner pays a price equal to the runner-up’s bid. This auction protocol is known to be truthful, in that a rational agent’s best bidding strategy is to bid his true valuation. Thus, in a distributed network where network links belongs to rational, self-interested agents, Vickrey pricing elicits truthful responses from agents, leading to economic efficiency in the network—the shortest paths use agents with lowest costs (even though actual costs are private, not public, information). This truthfulness, however, does come at a cost: the mechanism may need to subsidize the agents. For a proof of the Vickrey mechanism’s truthfulness, see [11].



Researchers in multi-agent systems, or distributed AI, have studied cooperation and competition among “software agents.” Many of these papers use ideas from mechanism design to analyze strategies and responses of these agents in negotiations and resource allocations [14, 15, 20]. Others use market-based ideas to solve distributed computational problems [21, 23]. Researchers in networking have 2



proposed game-theoretic techniques to deal with congestion control in the Internet [5, 6, 13, 19]. Our paper is motivated by the algorithmic mechanism design paper of Nisan and Ronen [12]. They investigate computational complexity and algorithmic issues in mechanism design, and raise some intriguing problems. Specifically, they asked the question that forms the basis of our work: Can the payment functions of the Vickrey mechanism be computed faster than n invocations of the optimization problem? The payment function computation for the network routing problem is equivalent to the following: given a directed graph G, and two specified nodes x and y , determine, for each edge e in the graph, the effect on d(x; y ) of deleting e. Our problem is related to the topic of “sensitivity analysis” in operations research. In sensitivity analysis, the goal is to determine the robustness of a solution: how much the system parameters can be perturbed before the solution changes. For instance, the sensitivity analysis of the minimum spanning tree requires computing for each edge e the amount Æ (e) by which the cost of e must change before the minimum spanning tree changes; Æ (e) is positive if e is part of the MST, and negative otherwise. Tarjan [22] presents an O(m(m; n)) time algorithm for calculating Æ (e) for all edges of a graph with n nodes and m edges, where  is a functional inverse of Ackermann’s function. Tarjan also presents a similar result for performing the sensitivity analysis of a shortest path tree. In our problem, however, we are not interested in computing the cost threshold of an edge, but rather in deleting an edge, and then finding the new shortest path. To the best of our knowledge, all the known methods for this type of sensitivity analysis of shortest paths require (m) work per shortest path edge [1]. Our problem also has some similarity to the k -shortest paths problem studied by Eppstein [4], but requires different techniques. Finally, Bikhchandani et al. [2] and Schummer and Vohra [18] have considered general auction settings where the Vickrey payments correspond to dual variables in a linear program. Their results depend on a combinatorial condition, which they call the “agents are substitutes” condition. It turns out that the minimum spanning tree problem and the assignment problem satisfy the “agents are substitutes” condition, and therefore the Vickrey payments for those problems can be determined efficiently. However, the “agents are substitutes” condition does not hold for the shortest path problem, so the methods of [2] and [18] do not apply to our setting.



undirected graphs, and present our algorithm for undirected graphs first, since some of the details are simpler. We assume that a pair of vertices u and v has at most one edge connecting them, but this is not a necessary restriction for our algorithms: the algorithms work just as well when there are multiple parallel edges joining pairs of vertices. A path in G is a sequence of edges, such that consecutive edges share a common vertex, and each vertex is incident to at most two path edges. The total cost of a path in G is the sum of the costs of the edges on the path. The shortest path between two vertices a and b, denoted by path (a; b), is the path joining a to b, assuming one exists, that has minimum cost. The distance between a and b, denoted d(a; b), is the length of path (a; b), or infinity if no path exists.2 We denote shortest paths and distances when an edge e has been removed from the graph G by the notations path (a; b; G n e) and d(a; b; G n e). The distance in the full graph d(a; b) is shorthand for d(a; b; G); likewise path (a; b) is shorthand for path (a; b; G). There are two distinguished vertices x and y in the graph, called the source and the target vertices. The shortest path joining them is path (x; y ) = (v1 , v2 , : : :, vk ), where v1 = x and vk = y . Recall that we want to compute, for each i 2 f1; : : : ; k 1g, the length of the shortest path from x to y that does not use the edge ei = (vi ; vi+1 ), which we call the x-y distance omitting ei . This is precisely the term d(x; y; G n ei ) in the payment function. We can analyze the shortest paths from x to y in terms of the set of edges crossing a cut. In later sections we will choose the cut according to the structure of the graph, but for now let us simply consider any partition of the vertex set V into two sets Vx and Vy such that x 2 Vx and y 2 Vy . The set of edges crossing the cut is denoted by Ecut = E (Vx ; Vy ). Each edge (u; v) 2 Ecut has u 2 Vx and v 2 Vy . Any path from x to y must include at least one edge from Ecut . Therefore, we can express our problem as follows: For each ei = (vi ; vi+1 ) and some cut (Vx ; Vy ) possibly dependent on ei , compute



3. Shortest path preliminaries



undirected graphs, and in Section 6 we solve the problem for directed graphs.



0 d(x; u; G n e ) + 1 A (2) d(x; y; G n e ) = min @ c(u; v) + 2 i
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(u;v ) Ecut (u;v )=ei
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d(v; y; G n e ) i



In Section 4 we apply this expression to compute the xy distance omitting each edge of path (x; y) in the special case in which G is undirected and all the vertices of V lie on path (x; y). In Section 5 we solve the problem for general



We assume that our network is modeled by a graph



2 For convenience we assume that all path lengths are distinct, so the shortest path between any two vertices is unique. This condition is easy to enforce by a symbolic perturbation of the edge costs.



G = (V; E ), with jV j = n and jE j = m. Each edge e 2 E has an associated cost c(e). We consider both directed and
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4. Payment computation in path graphs Path Algorithm We illustrate our ideas by solving the special case in which path (x; y ) includes all the vertices of V . The additional structure in this case makes it particularly easy to compute the distances in G n e required by equation (2). We define the cut (Vx ; Vy ) based on the natural partition of path (x; y) = (v1 ; v2 ; : : : ; vn ) induced by the removal of the edge ei = (vi ; vi+1 ). We choose Vx = fv1 ; : : : ; vi g and Vy = fvi+1 ; : : : ; vn g. To simplify the notation, we define Ei = E (Vx ; Vy ) for ei . See Figure 1.



1. Let L and R be k -element arrays whose elements are sets of edges, initially empty. Let Q be a priority queue of (weight, edge) pairs, indexed by weight, initially empty. 2. For each e 2 E n path (x; y )



left (e) < right (e), R[right (e)]. If



put



e into L[left (e)] and



3. For i = 1 to k (a)



1 For each e = (u; v ) 2 L[i] Insert (w; e) into Q, with weight w = d(x; u; G n e ) + c(u; v) + d(v; y; G n e ). Remove from Q all (w; e) pairs with e 2 R [i]. i
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(b)



(c) Report the minimum weight in Q as the x-y distance omitting ei .



Figure 1. The edges of Ei cross the dashed vertical line.



At step i, Q contains the edges of Ei n ei , and so the x-y distance omitting ei is correctly computed. Only the priority queue operations take non-constant time. A na¨ıve priority queue implementation gives a running time of O(m log m). We can improve this time complexity by using a Fibonacci heap for Q with at most k 1 nodes, numbered from 2 to k [3]. The j ’th node stores the minimum-weight edge in the current cut that belongs to R [j ]. We initialize the Fibonacci heap to have k 1 nodes, each with weight 1. In step 3a, for each e 2 L[i], we compare its weight w with the weight of the heap node with index j = right (e); if e has the lesser weight, we perform a DecreaseKey operation on node j and reset its edge to be e. (We do not need to do anything if e has the greater weight, because the edge stored at node j will be in the cut just as long as e.) In step 3b, we delete node i from Q—the minimization in step 3a means that this node is the representative of all the edges in R [i]. Thus the heap contains only a subset of the edges that would be stored in a na¨ıve implementation of Q, but it is guaranteed to contain the minimum-weight element of the cut set. The Fibonacci heap implementation performs O(m) DecreaseKey operations, but only O(n) inserts, deletes, and FindMin operations. Only the delete operation takes O(log n) time in the Fibonacci heap; the other three operations take O(1) amortized time apiece. Thus, the total time spent on priority queue operations using the Fibonacci heap implementation is O(n log n + m).



For a given edge ei = (vi ; vi+1 ) to be removed, consider a cut edge (u; v ) 2 Ei . Because path (x; u) is contained in Vx , d(x; u) = d(x; u; G n ei). Likewise, because path (v; y) is contained in Vy , d(v; y ) = d(v; y ; G n ei ). These distances are simply the lengths of the subpaths of path (x; y ) connecting each point to x and y . Thus equation (2) reduces to



d(x; y; G n e ) = min d(x; u)+ c(u; v)+ d(v; y): i



2 6



(u;v ) Ei (u;v )=ei



i



(3)



To compute the shortest x-y path omitting each edge of path (x; y ) efficiently, we evaluate equation (3) for each ei = (vi ; vi+1 ) in sequence from i = 1 to n 1. For a given i, we minimize the quantity d(x; u)+ c(u; v)+ d(v; y) over all (u; v ) 2 Ei n ei . But the difference between Ei and Ei+1 is easy to compute: it consists of exactly those edges with one endpoint at vi+1 . To produce Ei+1 from Ei , we add to Ei all edges whose left endpoint is vi+1 , and we remove from Ei all edges whose right endpoint is vi+1 . To formalize this, let left (e) and right (e) be the indices of the endpoints of e in path (x; y ), with left (e) < right (e). In later sections, when the endpoints of e do not necessarily lie on path (x; y ), we will redefine left (e) and right (e) to be indices such that e 2 Ei for all left (e)  i < right (e). We perform the following algorithm:



4



vertices connected to vi in the remaining forest form block If u 2 Bi , we define block (u) = i. Thus for a given i edge ei = (vi ; vi+1 ) 2 path (x; y ), Vx = [ij =1 Bj , and Vy = [kj=i+1 Bj . See Figure 3.



5. Networks with undirected edges



B.



In a general undirected graph, not all vertices lie on This means that the structure of the shortest paths from x to other vertices is unrelated to the structure of the shortest paths from those other vertices to y . The shortest path tree with source x is the union of all the shortest paths from x to other vertices in V . Since we assume uniqueness of shortest paths, this union of paths is indeed a tree. Each vertex v has a unique parent u in the tree; path (x; v) is obtained by concatenating path (x; u) with the edge (u; v ). Let us denote the shortest path tree with source x by X . We can also define a shortest path tree with sink y , which we denote by Y . This is the union of all shortest paths from vertices in V to the destination y . (Since we are assuming G is undirected, Y is identical in structure to the shortest path tree with source y . For directed graphs, this is not true.) The shortest path trees X and Y can be computed in O(n log n+ m) time using Dijkstra’s algorithm and Fibonacci heaps [3], or in O(m log n) time using simple data structures. In the case of a path graph, as discussed in Section 4, X = Y = path (x; y), and the removal of an edge e splits X and Y into identical components. However, for general undirected graphs, this is not true. For example, in Figure 2, the vertices in the upper branch of the graph lie in opposite components of X n e and Y n e.



path (x; y).
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Bk B2 Figure 3. Removing path (x; y ) from X defines blocks Bi . Consider computing the x-y distance omitting ei according to equation (2). For all u 2 Vx , path (x; u) is contained in Vx by definition, so we have d(x; u) = d(x; u; G n ei ). Because the partition of X induced by deleting ei is not the same as the corresponding partition of Y (Figure 2), it is not obvious that path (v; y ) is contained in Vy for all v 2 Vy . Nevertheless, it turns out that path (v; y ) does not use ei , which is what we need.



v be a vertex in V = [ = +1 B e = (v ; v +1 ). Then d(v; y) = d(v; y; G n e ).



Lemma 1 Let i
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Figure 4. Unlike the shaded path, path (v; y ) cannot include ei , because path (vi+1 ; v ) is contained in Vy .
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have different structures. Proof: The proof is by contradiction. Suppose that path (v; y) uses the edge ei . It must traverse ei in the forward direction, from vi to vi+1 , because the shortest path from vi+1 to y is fully contained in Vy and does not traverse ei . Then path (v; y) is the concatenation of path (v; vi+1 ) with path (vi+1 ; y ), and the first subpath contains vertex vi (which is a vertex of Vx ) in its interior (see Figure 4). On the other hand, because v 2 Vy , the shortest path tree X shows that path (vi+1 ; v) is completely contained in Vy . Since G is undirected, path (v; vi+1 ) is just the reversal of



To compute the x-y distance omitting each edge ei = (vi ; vi+1 ) in path (x; y) = (v1 ; : : : ; vk ), we define the cut (Vx ; Vy ) based on the shortest path tree X . Because path (x; y) is contained in X , the removal of ei splits X into two components; we choose the component containing x to be Vx , and the complement to be Vy . To be more specific in the determination of Vx and Vy , we assign vertices of V to blocks based on their position in the shortest path tree X . If we delete all the edges of path (x; y ) from X , the 5



path (vi+1 ; v). But one contains vi and one does not, a contradiction. Therefore path (v; y ) does not contain ei , and the lemma is established.



Lemma 2 Let Vx and Vy be the components of X induced by removing an edge e 2 path (x; y ). Then path (x; y ; Gne) includes exactly one edge of E (Vx ; Vy ).



We have (almost) reduced the general undirected graph case to the case in which all vertices lie along path (x; y ). = path (x; y), we define left (e) = For an edge e = (u; v ) 2 block (u) and right (e) = block (v), assuming block (u)  block (v). This ensures that e 2 Ei if and only if left (e)  i < right (e), and we can apply the algorithm of Section 4 directly. For each edge (u; v ) 2 Ei , the distance d(x; u) is computed using the shortest path tree X , and the distance d(v; y) is computed using Y .
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e x u is the last vertex of P path (x; u) is contained in V . Figure 6.



6. Directed networks
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When G is directed, things become more complicated. For example, the shortest path tree with source s is not the same as the shortest path tree with sink s. To get the shortest path tree Y with sink y , we must reverse the orientation of every edge in E and compute the shortest path tree with source y in this modified tree. If G contains only edges with non-negative costs, we can compute the shortest path tree using Dijkstra’s algorithm in O(n log n + m) time, as in the undirected case. However, directed graphs may contain negative-cost edges; so long as there are no negative-cost cycles, it still makes sense to compute shortest paths. If G contains negative-cost edges, Dijkstra’s algorithm is not applicable, and we must use a less efficient O(nm) algorithm to compute shortest path trees [3].



Proof: Consider any path P connecting x to y in G n e, and let u be the last vertex of P in Vx . (The path P may pass from Vx to Vy several times, but we choose the last such transition. See Figure 6.) The shortest path from x to u in G is contained in Vx , since Vx is a subtree of X containing both x and u. Therefore path (x; u) = path (x; u; G n e), and we can shorten P by replacing the portion of P up to u by path (x; u). The only edge of E (Vx ; Vy ) in this shorter path is the one immediately following u. It follows that the shortest path from x to y in G n e must contain exactly one edge of E (Vx ; Vy ). A simple corollary of this lemma is the fact that if (u; v ) is the single edge of path (x; y ; G n e) in E (Vx ; Vy ), then path (v; y; G n e) = path (v; y). It follows that in the minimization of equation (2), we do not need to consider any edge (u; v ) of E (Vx ; Vy ) such that path (v; y ) contains any vertex of Vx . Consequently, the minimization set of equation (2) can be reduced as follows:
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0 d(x; u; G n e) + 1 @ c(u; v) + A d(v; y; G n e)



(4) To filter out edges that violate the condition on path (v; y), we label each vertex v 2 V according to the lowest-indexed block of X that path (v; y ) passes through. Define minblock (v ) to be the smallest i such that path (v; y ) contains a vertex of block Bi . That is, minblock (v ) = minw2path (v;y) block (w). See Figure 7. We can compute minblock (v) for all vertices v in O(n) time by by a preorder traversal of Y starting from y . For any edge (u; v ), minblock (u) is just min(block (u); minblock (v)), and the preorder traversal visits v before u. = path (x; y), we define For a directed edge e = (u; v ) 2 left (e) = block (u) and right (e) = minblock (v). With



Figure 5. Lemma 1 is false for directed graphs. Even after the shortest path trees X and Y are computed, computing the x-y distance omitting each edge on path (x; y) is still more complicated than in the undirected case. The chief difficulty is that Lemma 1 does not hold for directed graphs. Figure 5 shows an example in which vertex v belongs to the component of X n e that contains y, but the shortest path path (v; y ) contains the edge e. Fortunately, it turns out that we can finesse our way around the failure of Lemma 1. As the following lemma shows, we do not need to minimize over all the edges in E (Vx ; Vy ) in equation (2), and the edges that we do need don’t violate Lemma 1. 6
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tree computations (paper in preparation). The running time of our algorithm is an improvement by a factor of (n) over the previous best results, which date back to Lawler’s and Yen’s algorithms of the early seventies [8, 25, 26]. Many interesting and challenging problems remain in the still nascent field of algorithmic mechanism design. For instance, many applications in distributed computing may require designing new mechanisms [12, 21, 24]. There are also many important problems in which computing Vickrey payments requires solving NP-complete problems [9, 16, 17]. In those cases, it would be interesting to use the techniques of approximation or randomization to design new polynomial-time mechanisms. The work of Bikhchandani et al. [2] and Schummer and Vohra [18] also suggests a promising direction for further exploration.
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block (v) = 5, but minblock (v) = 3.



these definitions of left (e) and right (e), we ensure that e belongs to the minimization set of equation (4) for ei if and only if left (e)  i < right (e), and we can apply the algorithm of Section 4. The distances d(x; u) and d(v; y ) are available from the shortest path trees X and Y . We have established our main result: Theorem 3 Given a directed network G with m edges and a pair of vertices (x; y ), we can compute d(x; y ; G n e) for each edge e 2 path (x; y ) in total time O(n log n + m) plus the time to compute a shortest path tree in G.



References [1] R. K. Ahuja, T. L. Magnanti, and J. B. Orlin. Network Flows: Theory, Algorithms, and Applications. Prentice Hall, Englewood Cliffs, NJ, 1993.



This theorem allows us to compute the Vickrey payments for all edges of a shortest path in a network, as given in equation (1), in the same asymptotic time as is needed to compute the shortest path itself.



[2] S. Bikhchandani, S. de Vries, R. Vohra, and J. Schummer. Linear Programming and Vickrey Auctions. Proceedingss of the IMA workshop on e-auctions and markets, 2001.



7. Concluding remarks



[3] T. H. Cormen, C. E. Leiserson, and R. L. Rivest. Introduction to Algorithms. MIT Press, Cambridge, MA, 1990.



With the emergence of the Internet as a global platform for communication, computation, and commerce, there is an increased need to design efficient protocols that motivate self-interested agents to cooperate. Example applications include resource allocation in computational grids [24], market-based protocols for scheduling or task allocation [21, 23], and congestion control in the Internet [5, 6, 10, 19]. One of the most celebrated results in the field of mechanism design is the Vickrey (or VickreyClarke-Groves) protocol, which uses a payment scheme to motivate selfish agents to bid truthfully. In this paper, we focused on the algorithmic aspect of computing the Vickrey payments in the context of shortest path routing in an internet, where multiple self-interested agents own portions of the network. Na¨ıvely, computing payment functions for n agents requires n shortest path computations. Our main result shows that this computational overhead can be significantly reduced—the payments are computable in the same asymptotic time as a single shortest path tree. Our algorithm is quite simple, and uses only some elementary properties of shortest paths. We believe our algorithm will have applications to other graph problems as well. For example, we have recently used these ideas to compute the k simple (loopless) shortest paths in the same asymptotic time as k single-source shortest path



[4] D. Eppstein. Finding the k shortest paths. SIAM J. Computing, 28:652–673, 1998. [5] R. J. Gibbens and F. P. Kelly. Resource pricing and the evolution of congestion control. Automatica, 35:1969–1985, 1999. [6] R. Karp, E. Koutsoupias, C. Papadimitriou, and S. Shenker. Optimization problems in congestion control. In Proc. 41st Annu. IEEE Sympos. Found. Comput. Sci., 2000. [7] V. King. A simpler minimum spanning tree verification algorithm. Algorithmica, 18(2):263–270, 1997. [8] E. L. Lawler. A procedure for computing the K best solutions to discrete optimization problemns and its application to the shortest path problem. Management Science, 18, pp. 401–405, 1972. [9] D. Lehmann, L. O’Callaghan, and Y. Shoham. Truth revelation in approximately efficient combinatorial auctions. In Proc. ACM Conference on Electronic Commerce, 2000. 7



[10] J. K. MacKie-Mason and H. R. Varian. Pricing congestible network resources. IEEE Journal of Selected Areas in Communications, 1995.



[23] W. E. Walsh, M. P. Wellman, P. R. Wurman, and J. K. MacKie-Mason. Auction protocols for decentralized scheduling. In Proc. 18th International Conference on Distributed Computing Systems, 1998.



[11] A. Mas-Collel, W. Whinston, and J. Green. Microeconomic Theory. Oxford University Press, 1995.



[24] R. Wolski, J. S. Plank, J. Brevik, and T. Bryan. Gcommerce: Market formulations controlling resource allocation on the computational grid. In IPDPS, 2001.



[12] N. Nisan and A. Ronen. Algorithmic mechanism design. In Proc. 31st Annu. ACM Sympos. Theory Comput., 1999.



[25] J. Y. Yen. Finding the K shortest loopless paths in a network. Management Science, 17, pp. 712–716, 1971.



[13] A. Odlyzko. A modest proposal for preventing Internet congestion. http://www.research.att.com/˜amo/doc/modest.proposal.ps, 1997.



[26] J. Y. Yen. Another algorithm for finding the K shortest loopless network paths. Proc. of 41st Mtg. Operations Research Society of America, 20, 1972.



[14] J. Rosenschein and G. Zlotkin. Rules of Encounter: Designing Conventions for Automated Negotiations Among Computers. MIT Press, 1994. [15] T. Sandholm. Distributed rational decision making. In Introduction to Multiagent Systems: A Modern Introduction to Distributed Artificial Intelligence. MIT Press, 1999. [16] T. Sandholm and S. Suri. Improved algorithm for optimal winner determination in combinatorial auctions and generalizations. In AAAI 17th National Conference on Artificial Intelligence, 2000. [17] T. Sandholm, S. Suri, A. Gilpin, and D. Levine. CABOB: A Fast Optimal Algorithm for Combinatorial Auctions. In IJCAI 17th International Joint Conference on Artificial Intelligence 2001. [18] J. Schummer and R. Vohra. Auctions for Procuring Options. Northwestern University Technical Report, 2001. [19] S. Shenker, D. Clark, D. Estrin, and S. Herzog. Pricing in computer networks: Reshaping the research agenda. Telecommunications Policy, pages 183–201, 1996. [20] Y. Shoham and K. Tanaka. A dynamic theory of incentives in multi-agent systems. In Intl. Joint Conf. on Artificial Intelligence, 1997. [21] W. E. Walsh and M. P. Wellman. A market protocol for decentralized task allocation. In Proc. 3rd International Conference on Multi-Agent Systems, 1998. [22] R. E. Tarjan. Sensitivty analysis of minimum spanning trees and shortest path trees. IPL, 14 (1), pp. 30–33, 1982. 8



























[image: Shortest-Paths Preserving Metro Maps]
Shortest-Paths Preserving Metro Maps












[image: all pairs shortest paths algorithms - Semantic Scholar]
all pairs shortest paths algorithms - Semantic Scholar












[image: all pairs shortest paths algorithms - Semantic Scholar]
all pairs shortest paths algorithms - Semantic Scholar












[image: What is Most Worth Knowing in Mathematics?]
What is Most Worth Knowing in Mathematics?












[image: On st paths and trails in edge-colored graphs - ScienceDirect]
On st paths and trails in edge-colored graphs - ScienceDirect












[image: An Investment Worth Making]
An Investment Worth Making












[image: An Investment Worth Making]
An Investment Worth Making












[image: What is an anabaptist Christian.pdf]
What is an anabaptist Christian.pdf












[image: A Picture Is Worth a Thousand Words]
A Picture Is Worth a Thousand Words












[image: A Picture Is Worth a Thousand Words]
A Picture Is Worth a Thousand Words












[image: Border Prices and Retail Prices]
Border Prices and Retail Prices












[image: A Linear Time Shortest Paths Algorithm for the Internet ...]
A Linear Time Shortest Paths Algorithm for the Internet ...












[image: What changes energy consumption? Prices and public ...]
What changes energy consumption? Prices and public ...












[image: 03_4 - Shortest Path Problems - Dial's Algorithm - An Example.pdf ...]
03_4 - Shortest Path Problems - Dial's Algorithm - An Example.pdf ...












[image: 03_3 - Shortest Path Problems - Dijkstra's Algorithm - An Example ...]
03_3 - Shortest Path Problems - Dijkstra's Algorithm - An Example ...












[image: What is Bitcoin? What is Cryptocurrency? Why ...  Accounts]
What is Bitcoin? What is Cryptocurrency? Why ... Accounts












[image: What is Computational Intelligence and what could it ...]
What is Computational Intelligence and what could it ...












[image: Search, bargaining and prices in an enlarged monetary ...]
Search, bargaining and prices in an enlarged monetary ...












[image: What is sleep and why is it needed?]
What is sleep and why is it needed?












[image: shortest-paths.pdf]
shortest-paths.pdf












[image: what is corruption and bribery -]
what is corruption and bribery -












[image: What is Strategy?]
What is Strategy?












[image: What is NetBeans? - GitHub]
What is NetBeans? - GitHub















Vickrey Prices and Shortest Paths: What is an edge worth?






Computer Science Department. University of California. Santa Barbara .... protocol is known to be truthful, in that a rational agent's best bidding strategy is to bid ... 






 Download PDF 



















 120KB Sizes
 0 Downloads
 215 Views








 Report























Recommend Documents







[image: alt]





Shortest-Paths Preserving Metro Maps 

Mathematics and Computer Science, TU Eindhoven, The Netherlands. [email protected],[email protected],. [email protected] ...














[image: alt]





all pairs shortest paths algorithms - Semantic Scholar 

Given a communication network or a road network one of the most natural ... ranging from routing in communication networks to robot motion planning, .... [3] Ming-Yang Kao, Encyclopedia of Algorithms, SpringerLink (Online service).














[image: alt]





all pairs shortest paths algorithms - Semantic Scholar 

In this paper we deal with one of the most fundamental problems of Graph Theory, the All Pairs Shortest. Path (APSP) problem. We study three algorithms namely - The Floyd- Warshall algorithm, APSP via Matrix Multiplication and the. Johnson's algorith














[image: alt]





What is Most Worth Knowing in Mathematics? 

ally, and included in the table as Transportation ma- jors requiring ... Transportation majors requiring calculus. 1,026 .... A multi-strand curriculum and de-tracking.














[image: alt]





On st paths and trails in edge-colored graphs - ScienceDirect 

colored s-t trails visiting all vertices of Gc a prescribed number of times. As an immediate consequence, we polynomially solve the Hamiltonian path (resp., Eule-.














[image: alt]





An Investment Worth Making 

propose solutions to better prepare students, which include a strong emphasis on Career Technical. Education (CTE). To engage and prepare our students, we ...














[image: alt]





An Investment Worth Making 

propose solutions to better prepare students, which include a strong emphasis on Career Technical. Education (CTE). To engage and prepare our students, we ...














[image: alt]





What is an anabaptist Christian.pdf 

so there are Anabaptist Christians. â€œAnabaptistâ€� is an invented name meaning â€œre-baptizers.â€� It was. given to 16th-century Christians who saw little value in infant ...














[image: alt]





A Picture Is Worth a Thousand Words 

The press he runs can imprint 3 T-shirts per minute with the school's mascot. 3. On her way to work each morning, Sophia purchases a small cup of coffee for ...














[image: alt]





A Picture Is Worth a Thousand Words 

6. Gavin works for a skydiving company. Customers pay $200 per jump to skydive in tandem skydives with Gavin. Choose the graph that best models each scenario. 7. Kylie is filling her backyard pool to get ready for the summer. She is using a garden ho














[image: alt]





Border Prices and Retail Prices 

May 31, 2011 - 4 In their example complete pass-through would be 100% pass through. ..... telephones and microwave ovens. ... There are, for example, the wedges associated with small-screen .... has gone out of business; (2) the BLS industry analyst,














[image: alt]





A Linear Time Shortest Paths Algorithm for the Internet ... 

of shortest paths algorithms in Internet measurements and analysis, effi- ... A customer pays its provider for transit services and the provider transits all packets to ...














[image: alt]





What changes energy consumption? Prices and public ... 

The data reveal striking changes in households' consumption habits. After electricity ... 638 / THE RAND JOURNAL OF ECONOMICS. Finally .... the impact of a large energy price change would be in a â€œmedia vacuumâ€� that did not report on it.














[image: alt]





03_4 - Shortest Path Problems - Dial's Algorithm - An Example.pdf ... 

There was a problem previewing this document. Retrying... Download ... 03_4 - Shortest Path Problems - Dial's Algorithm - An Example.pdf. 03_4 - Shortest Path ...














[image: alt]





03_3 - Shortest Path Problems - Dijkstra's Algorithm - An Example ... 

03_3 - Shortest Path Problems - Dijkstra's Algorithm - An Example.pdf. 03_3 - Shortest Path Problems - Dijkstra's Algorithm - An Example.pdf. Open. Extract.














[image: alt]





What is Bitcoin? What is Cryptocurrency? Why ... Accounts 

Virtual Currency and Taxation Part I. Amy Wall, Tucson Tax Team. â—‹ Silk Road was an online black market (aka darknet market) founded in February 2011 by the â€œDread Pirate Robertsâ€� (later found to be Ross Ulbricht). â—‹ Silk Road sold illegal su














[image: alt]





What is Computational Intelligence and what could it ... 

formatics, connectionism, data mining, graphical methods, intelligent agents and in- .... nity, presented at conferences, and published in CI journals. .... ject recognition, auditory and visual scene analysis, spatial orientation, memory, motor.














[image: alt]





Search, bargaining and prices in an enlarged monetary ... 

Mar 21, 2008 - ing enlargement, the latest adjoint being Slovenia, and with foreseen further expansion toward 2004 and 2007 European Union (EU) acceding countries. The enlargement of MUs is a major institutional event that involves inte- gration issu














[image: alt]





What is sleep and why is it needed? 

hypothesis is that sleep contributes to memory ... sleep-dependent neural processing of memory. [21]. ..... is increased after training for the hidden-platform.














[image: alt]





shortest-paths.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps. ... shortest-paths.pdf. shortest-paths.pdf. Open. Extract. Open with.














[image: alt]





what is corruption and bribery - 

These are the factors operate and inspire to promote and live in corruption. The corruption ... prognostications of evil or merely for a lucky reading. glove money ...














[image: alt]





What is Strategy? 

Laptop computers, mobile communica- tions, the Internet, and software such .... ten escort customers through the store, answering questions and helping them ...














[image: alt]





What is NetBeans? - GitHub 

A comprehensive, modular IDE. â€“ Ready to use out of the box. â€“ Support for latest Java specifications. & standards. â€“ Other languages too. (PHP, C/C++, etc). â€“ Intuitive workflow. â€“ Debugger, Profiler,. Refactoring, etc. â€“ Binaries & ZIPs


























×
Report Vickrey Prices and Shortest Paths: What is an edge worth?





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















