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最短路径问题是图论中的一个基本且重要的问题，其具有非常广泛的应用，虽然已经存在多项式时间的算法，但是对于当前大规模的图数据，多项式时间的算法性能无法满足实际应用的需求。预处理技术是一个通用且有效的解决大规模数据问题的框架，本文通过利用此框架，提出和验证了现实世界的网络中普遍存在的算法小世界现象，并据此针对大规模图上最短路径导航和最短距离查询问题提出了高效的算法解决方案。

首先，本文研究了小世界网络中的算法小世界现象。网络的小世界现象最早是Milgram通过社会实验发现的，其结果表明网络中的任何两个点平均通过大约$6$步便能够到达。随后Watts和Strogtz提出了WS小世界网络模型，该模型主要刻画了小世界网络的两个特征，平均距离短和聚类系数高。接着Kleinberg提出了二维小世界网格模型，并证明了在该模型的特定参数下，对任意一对点，存在一个算法能够实现在$O({\mathrm{log}^2n})$的期望步数内找到一条路径，这表明并不是每一个小世界网络都存在这样快速的算法。因此本文首先提出了一个问题，是否对于每一个小世界网络都存在一个算法从起始点出发能够在较少的（通常$\mathrm{poly}(\log n)$）步数之内找到目标节点？如果存在，那么称该网络具有算法小世界现象。故而本文提出了一个断言，对于每一个小世界网络，其皆具有算法小世界现象。为此本文提出了网络的指纹、随机生成空间以及交互式算法的概念。对任意一对点，交互式算法$\mathcal{A}$通过与随机生成空间交互能在$\mathrm{poly}(\log n)$的步数内找到一条路径。并且，若随机生成空间的维度为$N$（通常取$\log n$），那么对于随机选择的任意一对节点，算法$\mathcal{A}$找到的路径的距离不大于$3$倍最短路径距离的概率为$1-1/(N+1)$。这表明有极大的概率算法$\mathcal{A}$能够在不大于$3$倍直径的步数之内到达目标节点。最后本文在各种模型网络，比如：BA模型、小世界网格模型、扩张图模型，和实际网络上进行了大量实验，实验结果表明小世界网络普遍都具有算法小世界现象。

基于对小世界网络中算法小世界现象的发现，本文针对大规模复杂网络上的路径发现问题提出了导航算法。最短路径的发现问题本身已经有经典的算法，比如BFS、Dijkstra、A*算法，然而并不能很好地满足大规模图中大量应用快速查询的需求，于是很多基于预处理技术的方法被提出。此类方法首先在线下通过对图进行预处理得到一个数据结构，然后在线上利用该数据结构进行最短路径或者距离的快速查询。本文基于第一个工作中指纹的概念，通过预处理从图中构造出导航器，导航算法通过与其交互来进行路径发现。在理论研究领域，通常会构建距离预言（distance oracle）来进行近似距离的查询，导航器也能给出距离的估计，但不同于距离预言，它能保证导航算法找到到目标节点的路径。导航器的效率直接影响着导航算法的性能，因此本文构建了不同的导航器，并且据此提出了$5$种不同的高效的导航算法。最后在数十亿级规模的图上的实验结果表明，本文提出的导航算法与现有的算法相比，查询的时间更快，并且搜索到的路径精度更高。

最后本文对大规模图上的精确最短路径距离查询问题提出了一个高效的算法解决方案。对于这个问题而言，存在两种极端的情况：一种为完全不进行预处理，对于每一对需要查询的节点，使用经典的算法来查询，这样的查询代价将会很高；另一种为在预处理时运行所有点对最短路径算法计算出所有点对的最短距离并将其存起来，虽然查询效率高，但预处理的代价也很高。现有的基于预处理的方法会考虑不同的应用需求来作权衡取舍，对这类方法的评估需要考虑到$3$个方面的因素：预处理的时间、索引结构的大小以及查询的时间，另外，根据输入图的不同类型会有不同的方法，一类是道路网络，另一类是复杂网络。本文所提出的算法解决的是大规模复杂网络上的最短距离的查询问题。针对复杂网络，目前综合效率比较高的是基于两跳标签的方法（2-Hop Labeling）。本文提出了一个$k$-核心标签（$k$-Hub Labeling）的方法，与两跳标签的方法不同的是，$k$-核心标签为每个节点在线下计算出两类标签，一类标签负责查询近距离的节点对，另一类标签负责查询远距离的节点对。在预处理阶段，首先通过最短路径覆盖（Shortest Path Cover）构造距离保持的$k$-核心网络，然后在$k$-核心网络上使用两跳标签的方法来构造核心标签，而核心网络比原网络小得多，因此大幅减小了预处理的代价，并且查询的效率也很高。最后本文通过实际网络中的大量实验验证了大量网络中，本文提出的方法在预处理的效率上明显优于现有的基于两跳标签的方法，包括预处理时间和标签结构的空间大小；特别地，对于大规模的网络，比如十亿级，已有的基于两跳标签的方法已经无法处理，本文提出的方法仍然能快速计算出标签，并且查询时间仍然保持在微秒级。
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Shortest path problem is a fundamental and important problem in graph theory. It has wide applications. There has already been polynomial time algorithms, but currently for large graphs, those algorithms cannot satisfy the demands of real applications. Preprocessing is a general and efficient framework to solve this problem. By utilizing preprocessing technique, we propose and verify the pervasive algorithmic small world phenomenon in small world networks and furthermore based on it, develop the efficient algorithms to solve the shortest path and distance query in large graphs.

Firstly, we study the algorithmic small world phenomenon in small world networks. The small world phenomenon in networks was found by Milgram through social experiments. It indicates that any two vertices in a network can reach through five intermediate vertices on average. After that, Watts and Strogtz proposed the famous WS small world network model, which depicts two features in small world networks: short average distance and high clustering. Furthermore, Kleinberg proposed two-dimensional grid small world model and proved that under certain choice of model parameter, for any vertex pair, there is an algorithm that can find a short path in $O(\mathrm{log}^2n)$ steps on average. It indicates that such a fast algorithm is not always exist in every small world networks. Therefore, we at first propose a problem: is there always an algorithm that finds the short path from source to target in only a few (usually $O(\mathrm{poly}(\log n))$) steps for every small world network? If it is true for a small world network, then it has the algorithmic small world phenomenon. In this paper, we propose a conjecture: for every small world network, it has the algorithmic small world phenomenon. In order to achieve that, we propose the concept of fingerprint and random spanning space (RSS) of a network, and interactive algorithm. For any vertex pair, interactive algorithm $\mathcal{A}$ finds a path by interacting with RSS in $\mathrm{poly}(\log n)$ steps. If the dimension of RSS is $N$ (generally $\log n$), then for any vertex pair, the probability that the length of the path found by algorithm $\mathcal{A}$ less than 3 times the length of shortest path is $1-1/(N+1)$. It indicates that with high probability, algorithm $\mathcal{A}$ can find a path within 3 times diameter steps. Finally, we conduct experiments in many real world networks and model networks, such as BA model, small world model and expander graph. The experimental results demonstrate the pervasive algorithmic small world conjecture.

Based on the findings of algorithmic small world phenomenon in small world networks, we propose the algorithm for the problem of path finding in large complex networks. There are classic algorithms for this problem, such BFS, Dijkstra, A*. However, they can not satisfy the fast query demands of many applications in large networks. Therefore, a plethora of methods based on preprocessing technique have been proposed, which obtain an auxiliary data structure after preprocessing the graph offline and then use the data structure to answer the shortest path or distance query online. Based on the concept of fingerprint proposed in our first work, we construct the navigator after preprocessing the graph. Navigation algorithm conduct the path finding by interacting with the navigator. In the field of theoretical research, distance oracle is usually constructed to give approximate distance between vertex pairs. Navigator can also estimate the distance, but different from distance oracle, it can guarantee that navigation algorithm reach the target vertex. The efficiency of navigator directly influences the performance of navigation algorithm. We construct different navigator. Based on it, we propose 5 different efficient navigations algorithms. Finally, we conduct experiments in graphs with billions of edges and the results indicate that our method has smaller query time and more accurate distance answer than state-of-the-art algorithms.

Finally, we propose highly efficient method to solve the exact distance query problem in large graphs. For this problem, two extreme situations can be considered. One is with no preprocessing. Then for every pair of vertices, we use BFS or Dijkstra to answer the distance query. The query cost is high. Another is storing the distance between every pair of vertices computed by the All-Pair-Shortest-Path algorithm during preprocessing. Then query efficiency is high. But the cost of preprocessing is too high especially when graph is large. Thus, current methods have to make a tradeoff when considering different demands of applications. It needs to consider three factors for the evaluation of these methods: preprocessing time, the space size of data structure and query time. Different methods aims for different types of input graph. One is road networks and the other is complex networks. We proposed methods for complex networks. Two-hop labeling is an efficient method to solve this problem in complex networks. In this paper, we propose $k$-hub labeling method.  Different from two-hop labeling method, we construct two kinds of labels for each vertex. One is the local label in charge of vertex pairs with short distance. Another is the hub label in charge of vertex pairs with long distance. During preprocessing, we firstly construct the distance-preserving $k$-hub network by shortest path cover, then use two-hop labeling method to construct hub labels  in hub network, which is much smaller than original network. Therefore, it largely decrease the cost of preprocessing. Finally we demonstrate through experiments in many real world networks that our method has better preprocessing efficiency than two-hop labeling method, including indexing time and index size. Especially, for large networks with hundreds of millions vertices, state-of-the-art two-hop labeling method can not finish the label construction but ours can fast construct the label and query time is still in microsecond level.
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