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Today

§ Rational Agents

§ Search Problems

§ Uninformed Search Methods
§ Depth-First Search
§ Breadth-First Search
§ Uniform-Cost Search

本节课内容

• 理性智能体

• 搜索问题

• 无信息搜索方法
• 深度优先搜索

• 广度优先搜索
• 一致代价搜索



A Pac-Man Agent吃豆人智能体



Rational Agents

§ An agent is an entity that perceives and acts.

§ A rational agent selects actions that maximize its 
(expected) utility.  

§ Characteristics of the percepts, environment, and 
action space dictate techniques for selecting 
rational actions

§ This course is about:
§ General AI techniques for a variety of problem 

types
§ Learning to recognize when and how a new 

problem can be solved with an existing 
technique Ag
en
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理性智能体

• 智能体（agent）是能够感知环境并采取行动的实体。

• 理性智能体会选择使自身（期望）效用最大化的行动。

• 感知、环境与动作空间的特性，决定了选择理性动
作所用的技术

• 本课程关注：

• 针对各类问题的一般人工智能技术
传感器

感知
• 学会识别何时以及如何用已有技术求解新

问题
执行器

动作



Pac-Man as an Agent
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Pac-Man is a registered trademark of Namco-Bandai Games, used here for educational purposes

作为智能体的吃豆人

智能体 环境传感器
感知

执行器 动作



Reflex Agents

§ Reflex agents:
§ Choose action based on current percept (and 

maybe memory)
§ May have memory or a model of the world’s 

current state
§ Do not consider the future consequences of 

their actions
§ Consider how the world IS

§ Can a reflex agent be rational?

[Demo: reflex optimal (L2D1)]
[Demo: reflex optimal (L2D2)]

反射式智能体

• 反射式智能体：
• 根据当前感知（或记忆）选择动作

• 可以拥有记忆或对世界当前状态的模型

• 不考虑其行动对未来的影响

• 只考虑世界“现在是什么样”

• 反射式智能体可以是理性的吗？

[演示：反射最优 (L2D1)]
[演示：反射最优 (L2D2)]



Eat adjacent dot, if any吃掉相邻的豆子（若有）



Eat adjacent dot, if any吃掉相邻的豆子（若有）



Agents that Plan会规划的智能体



Planning Agents

§ Planning agents:
§ Ask “what if”
§ Decisions based on (hypothesized) 

consequences of actions
§ Must have a model of how the world evolves in 

response to actions
§ Must formulate a goal (test)
§ Consider how the world WOULD BE

§ Optimal vs. complete planning

§ Planning vs. replanning

[Demo: re-planning (L2D3)]
[Demo: mastermind (L2D4)]

规划式智能体

• 规划式智能体：
• 会问“如果……会怎样”

• 基于（假设的）行动后果做决策

• 必须拥有世界如何随行动演化的模型

• 必须明确目标（检验条件）
• 考虑世界“将会是什么样”

• 最优规划 vs. 完备规划

• 规划 vs. 重规划

[演示：重规划 (L2D3)]
[演示：Mastermind 猜谜 (L2D4)]



Video of Demo Replanning演示视频：重规划



Video of Demo Mastermind演示视频：Mastermind



Search Problems搜索问题



Search Problems

§ A search problem consists of:

§ A state space

§ A successor function
 (with actions, costs)

§ A start state and a goal test

§ A solution is a sequence of actions (a plan) which 
transforms the start state to a goal state

“N”, 1.0

“E”, 1.0

搜索问题

• 一个搜索问题由以下部分组成：

• 状态空间

• 后继函数
（含动作与代价）

• 初始状态与目标检验

• 解是一个动作序列（规划），它把初始状态转化为目标状
态



Why do we care about search?

§ The algorithms we’ll discuss are incredibly widely applied
§ Pathing / routing problems (both for people + robots)
§ Chip design (routing wires)
§ Resource planning problems
§ Robot motion planning
§ Protein design
§ Language analysis
§ Machine translation
§ Video games
§ Speech recognition

我们为什么关心搜索？

• 我们将讨论的算法应用极其广泛
• 路径规划 / 路由问题（人或机器人）
• 芯片设计（布线）
• 资源规划问题
• 机器人运动规划
• 蛋白质设计
• 语言分析
• 机器翻译
• 电子游戏
• 语音识别



Search Problems Are Models搜索问题即模型



Example: Traveling in Romania

§ State space:
§ Cities

§ Successor function:
§ Roads: Go to adjacent city with 

cost = distance

§ Start state:
§ Arad

§ Goal test:
§ Is state == Bucharest?

§ Solution?

例子：罗马尼亚旅行

• 状态空间：
• 城市

• 后继函数：
• 道路：前往相邻城市，代价 = 距

离

• 初始状态：
• Arad（阿拉

德）

• 目标检验：
• 当前状态是否 == Bucharest（布加勒斯特）？

• 解是什么？



What’s in a State Space?

§ Problem: Pathing
§ States: (x,y) location
§ Actions: NSEW
§ Successor: update location 

only
§ Goal test: is (x,y)=END

§ Problem: Eat-All-Dots
§ States: {(x,y), dot booleans}
§ Actions: NSEW
§ Successor: update location 

and possibly a dot boolean
§ Goal test: dots all false

The world state includes every last detail of the environment

A search state keeps only the details needed for planning (abstraction)

状态空间里有什么？

世界状态包含环境的每一个细节

搜索状态只保留规划所需的细节（抽象）

• 问题：寻路 • 问题：吃光所有豆子
• 状态：(x,y) 位置 • 状态：{(x,y), 豆子布尔值}
• 动作：东南西北 • 动作：东南西北

• 后继：只更新位置 • 后继：更新位置，并可能更
新豆子布尔值

• 目标检验：(x,y) == 终点？ • 目标检验：所有豆子布尔值为假



State Space Sizes?

§ World state:
§ Agent position on 12x10 grid
§ Status of 30 dots
§ Ghost positions on 12x1 grid
§ Agent facing matters: NSEW

§ How many
§ World states?
 120x(230)x(122)x4
§ States for pathing?
 120
§ States for eat-all-dots?
 120x(230)

状态空间的规模？

• 世界状态：
• 智能体在 12×10 网格上的位置

• 30 颗豆子的状态
• 幽灵在 12×1 网格上的位置
• 智能体朝向也有影响：东南西北

• 数量有多少？
• 世界状态数？

120×(230)×(122)×4
• 寻路问题的状态数？

120
• 吃光豆子问题的状态数？

120×(230)



Quiz: Safe Passage

§ Problem: eat all dots while keeping the ghosts perma-scared
§ What does the state space have to specify?

§ (agent position, dot booleans, power pellet booleans, remaining scared time)

练习：安全通行

• 问题：在让幽灵始终保持害怕的状态下吃光所有豆子
• 状态空间需要描述哪些内容？

• （智能体位置、豆子布尔值、能量豆布尔值、剩余害怕时间）



State Space Graphs and Search Trees状态空间图与搜索树



State Space Graphs

§ State space graph: A mathematical 
representation of a search problem
§ Nodes are (abstracted) world configurations
§ Arcs represent successors (action results)
§ The goal test is a set of goal nodes (maybe only one)

§ In a state space graph, each state occurs only 
once!

§ We can rarely build this full graph in memory 
(it’s too big), but it’s a useful idea

状态空间图

• 状态空间图：搜索问题的一种数学表
示

• 节点是（抽象化的）世界状态配置
• 弧表示后继关系（动作的结果）
• 目标检验对应一组目标节点（可能只有一个）

• 在状态空间图中，每个状态只出现一次！

• 我们很少能把整张图放进内存（它太大了），
但它是有用的概念



State Space Graphs

§ State space graph: A mathematical 
representation of a search problem
§ Nodes are (abstracted) world configurations
§ Arcs represent successors (action results)
§ The goal test is a set of goal nodes (maybe only one)

§ In a state space graph, each state occurs only 
once!

§ We can rarely build this full graph in memory 
(it’s too big), but it’s a useful idea
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Tiny state space graph for a tiny 
search problem

状态空间图

• 状态空间图：搜索问题的一种数学表
示

• 节点是（抽象化的）世界状态配置
• 弧表示后继关系（动作的结果）
• 目标检验对应一组目标节点（可能只有一个）

• 在状态空间图中，每个状态只出现一次！

微型搜索问题的状态空间图• 我们很少能把整张图放进内存（它太大了），
但它是有用的概念



Search Trees

§ A search tree:
§ A “what if” tree of plans and their outcomes
§ The start state is the root node
§ Children correspond to successors
§ Nodes show states, but correspond to PLANS that achieve those states
§ For most problems, we can never actually build the whole tree

“E”, 1.0“N”, 1.0

This is now / start

Possible futures

搜索树

这是当前 / 起点

可能的未来

• 搜索树：
• 一棵关于“如果……会怎样”的规划及其结果的树

• 初始状态是根节点
• 子节点对应后继
• 节点显示状态，但对应的是达到这些状态的“规划”
• 对大多数问题，我们永远无法真正构建出整棵树



State Space Graphs vs. Search Trees
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We construct both 
on demand – and 
we construct as 
little as possible.

Each NODE in in 
the search tree is 
an entire PATH in 
the state space 

graph.

Search TreeState Space Graph

状态空间图 vs. 搜索树

搜索树中的每个
节点，对应状态
空间图中的一条
完整路径。

状态空间图 搜索树

两者都按需构建——
并且尽可能少地
构建。



Quiz: State Space Graphs vs. Search Trees

S G

b

a

Consider this 4-state graph: How big is its search tree (from S)?

练习：状态空间图 vs. 搜索树

考虑这个 4 状态的图： 它（从 S 出发）的搜索树有多大？



Quiz: State Space Graphs vs. Search Trees

S G

b

a

Consider this 4-state graph: 

Important: Lots of repeated structure in the search tree!

How big is its search tree (from S)?

s
b

b G a

a

G

a G b G

… …

练习：状态空间图 vs. 搜索树

考虑这个 4 状态的图： 它（从 S 出发）的搜索树有多大？

注意：搜索树中存在大量重复结构！



Tree Search树搜索



Search Example: Romania例子：罗马尼亚搜索



Searching with a Search Tree

§ Search:
§ Expand out potential plans (tree nodes)
§ Maintain a fringe of partial plans under consideration
§ Try to expand as few tree nodes as possible

在搜索树上进行搜索

• 搜索：
• 展开可能的规划（树节点）
• 维护一个由待考察的部分规划组成的边缘（fringe）
• 尽量少展开树节点



General Tree Search

§ Important ideas:
§ Fringe
§ Expansion
§ Exploration strategy

§ Main question: which fringe nodes to explore?

通用树搜索

• 重要概念：
• 边缘（fringe）

• 扩展
• 探索策略

• 核心问题：应该探索哪些边缘节点？



Example: Tree Search
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例子：树搜索



Depth-First Search深度优先搜索



Depth-First Search
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Strategy: expand a 
deepest node first

Implementation: 
Fringe is a LIFO stack

深度优先搜索

策略：优先展开
最深的节点

实现：
边缘是 LIFO 栈



Search Algorithm Properties搜索算法的性质



Search Algorithm Properties

§ Complete: Guaranteed to find a solution if one exists?
§ Optimal: Guaranteed to find the least cost path?
§ Time complexity?
§ Space complexity?

§ Cartoon of search tree:
§ b is the branching factor
§ m is the maximum depth
§ solutions at various depths

§ Number of nodes in entire tree?
§ 1 + b + b2 + …. bm = O(bm)

…
b 1 node

b nodes

b2 nodes

bm nodes

m tiers

搜索算法的性质

• 完备性：若解存在，能保证找到解吗？
• 最优性：能保证找到代价最小的路径吗？
• 时间复杂度？
• 空间复杂度？ 1 个节点

b 个节点

b2 个节点• 搜索树示意：
m 层• b 是分支因子

• m 是最大深度
• 解可能出现在不同深度

bm 个节点

• 整棵树的节点数？
• 1 + b + b2 + … + bm = O(bm)



Depth-First Search (DFS) Properties

…
b 1 node

b nodes

b2 nodes

bm nodes

m tiers

§ What nodes does DFS expand?
§ Some left prefix of the tree.
§ Could process the whole tree!
§ If m is finite, takes time O(bm)

§ How much space does the fringe take?
§ Only has siblings on path to root, so O(bm)

§ Is it complete?
§ m could be infinite, so only if we prevent 

cycles (more later)

§ Is it optimal?
§ No, it finds the “leftmost” solution, 

regardless of depth or cost

深度优先搜索（DFS）的性质

• DFS 会展开哪些节点？
• 树的某条最左分支。 1 个节点

• 可能处理整棵树！ b 个节点

• 若 m 有限，时间为 O(bm) b2 个节点

m 层
• 边缘占用多少空间？

• 只保存到根路径上的兄弟节点，所以 O(bm)

• 是否完备？ bm 个节点

• m 可能无穷大，所以只有防止循环时才完
备（后述）

• 是否最优？
• 否，它找到的是“最左边”的解，不

管深度或代价



Breadth-First Search广度优先搜索



Breadth-First Search
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Search

Tiers

Strategy: expand a 
shallowest node first

Implementation: Fringe 
is a FIFO queue

广度优先搜索

策略：优先展开
最浅的节点

实现：边缘
是 FIFO 队列

搜索

层



Breadth-First Search (BFS) Properties

§ What nodes does BFS expand?
§ Processes all nodes above shallowest solution
§ Let depth of shallowest solution be s
§ Search takes time O(bs)

§ How much space does the fringe take?
§ At end it has roughly the last tier, so O(bs)

§ Is it complete?
§ s must be finite if a solution exists, so yes!

§ Is it optimal?
§ Only if costs are all 1 (more on costs later)

…
b 1 node

b nodes

b2 nodes

bm nodes

s tiers

bs nodes

广度优先搜索（BFS）的性质

• BFS 会展开哪些节点？
• 处理最浅解之上的所有节点 1 个节点

b 个节点• 设最浅解的深度为 s
s 层

• 搜索耗时 O(bs) b2 个节点

• 边缘占用多少空间？ bs 个节点

• 最后大致是最后一层，所以 O(bs)

• 是否完备？ bm 个节点

• 若解存在则 s 必有限，所以完备！

• 是否最优？
• 仅当所有代价为 1 时最优（代价问题后述）



Quiz: DFS vs BFS练习：DFS vs. BFS



Quiz: DFS vs BFS

§ When will BFS outperform DFS?

§ When will DFS outperform BFS?

[Demo: dfs/bfs maze water (L2D6)]

练习：DFS vs. BFS

• BFS 何时优于 DFS？

• DFS 何时优于 BFS？

[演示：dfs/bfs 迷宫水域 (L2D6)]



Iterative Deepening

…
b

§ Idea: get DFS’s space advantage with BFS’s 
time / shallow-solution advantages
§ Run a DFS with depth limit 1.  If no solution…
§ Run a DFS with depth limit 2.  If no solution…
§ Run a DFS with depth limit 3.  …..

§ Isn’t that wastefully redundant?
§ Generally most work happens in the lowest 

level searched, so not so bad!

迭代加深

• 思路：用 DFS 的空间优势，配合 BFS 的时
间 / 最浅解优势
• 运行深度限制为 1 的 DFS。若无解……
• 运行深度限制为 2 的 DFS。若无解……
• 运行深度限制为 3 的 DFS。……

• 这样重复不就浪费了吗？
• 通常大部分工作发生在搜索的最深层，所以

其实不亏！



Cost-Sensitive Search

BFS finds the shortest path in terms of number of actions.
It does not find the least-cost path.  We will now cover
a similar algorithm which does find the least-cost path.  
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BFS 找到的是按动作数计的最短路径，而不是代价最小的路径。
下面我们将介绍一个能找到最小代价路径的类似算法。



Uniform Cost Search一致代价搜索



Uniform Cost Search
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策略：优先展开
代价最低的节点：

边缘是优先队列
（优先级：累积代价；
树中的数字表示
累积代价）
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…

Uniform Cost Search (UCS) Properties

§ What nodes does UCS expand?
§ Processes all nodes with cost less than cheapest solution!
§ If that solution costs C* and arcs cost at least e , then the 

“effective depth” is roughly C*/e
§ Takes time O(bC*/e) (exponential in effective depth)

§ How much space does the fringe take?
§ Has roughly the last tier, so O(bC*/e)

§ Is it complete?
§ Assuming best solution has a finite cost and minimum arc cost 

is positive, yes!

§ Is it optimal?
§ Yes!  (Proof next lecture via A*)

b

C*/e  “tiers”
c £ 3

c £ 2
c £ 1

一致代价搜索（UCS）的性质

• UCS 会展开哪些节点？
• 处理所有代价小于最便宜解的节点！
• 若该解代价为 C*，且每条弧的代价至少为 ε，则“有效深

度”约为 C*/ε C*/ε“层”
• 耗时 O(bC*/ε)（关于有效深度呈指数级）

• 边缘占用多少空间？
• 最后大致是最后一层，所以 O(bC*/ε)

• 是否完备？

• 假设最优解代价有限且最小弧代价为正，则完备！

• 是否最优？
• 是的！（证明在下节课用 A* 给出）



Uniform Cost Issues

§ Remember: UCS explores increasing cost 
contours

§ The good: UCS is complete and optimal!

§ The bad:
§ Explores options in every “direction”
§ No information about goal location

§ We’ll fix that soon!

Start Goal

…

c £ 3
c £ 2

c £ 1

[Demo: empty grid UCS (L2D5)]
[Demo: maze with deep/shallow 
water DFS/BFS/UCS (L2D7)]

一致代价搜索的问题

• 记住：UCS 按代价递增的等值线扩展

• 好的一面：UCS 完备且最优！

• 坏的一面：
• 向所有“方向”探索选项
• 没有关于目标位置的信息 起点 目标

• 我们很快会修复这一点！ [演示：空网格 UCS (L2D5)]
[演示：深水/浅水迷宫 DFS/BFS/UCS 
(L2D7)]



The One Queue

§ All these search algorithms are the 
same except for fringe strategies
§ Conceptually, all fringes are priority 

queues (i.e. collections of nodes with 
attached priorities)

§ Practically, for DFS and BFS, you can 
avoid the log(n) overhead from an 
actual priority queue, by using stacks 
and simple queues

§ Can even code one implementation 
that takes a variable queuing object

一个队列走天下

• 这些搜索算法的区别只在于边缘策
略

• 概念上，所有边缘都是优先队列（
即带优先级的节点集合）

• 实践中，对 DFS 和 BFS，可以用栈
和普通队列来避免真实优先队列的 
log(n) 开销

• 甚至可以只写一份实现，接受可变的
队列对象



Search and Models

§ Search operates over 
models of the world
§ The agent doesn’t 

actually try all the plans 
out in the real world!

§ Planning is all “in 
simulation”

§ Your search is only as 
good as your models…

搜索与模型

• 搜索在世界的模型上
进行

• 智能体并不会在真实世
界中真的尝试所有规划！

• 规划完全“在模拟
中”进行

• 搜索的效果上限取决于
你的模型……



Search Gone Wrong?搜索出问题了？



Search Gone Wrong?搜索出问题了？
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Today

▪ Informed Search
▪ Heuristics

▪ Greedy Search

▪ A* Search

▪ Graph Search

本节课内
容

▪ 有信息搜索
▪ 启发式
▪ 贪婪搜索
▪ A* 搜索

▪ 图搜索



Recap: Search回顾：搜索



Recap: Search

▪ Search problem:
▪ States (configurations of the world)
▪ Actions and costs
▪ Successor function (transition dynamics)
▪ Start state and goal test

▪ Search tree:
▪ Nodes: represent plans for reaching states
▪ Plans have costs (sum of action costs)

▪ Search algorithm:
▪ Systematically builds a search tree
▪ Chooses an ordering of the fringe (unexplored nodes)
▪ Optimal: finds least-cost plans

回顾：搜索

▪ 搜索问题：
▪ 状态（世界的配置）
▪ 动作与代价
▪ 后继函数（转移动态）
▪ 初始状态与目标检验

▪ 搜索树：
▪ 节点：表示到达状态的规划
▪ 规划有代价（动作代价之和）

▪ 搜索算法：
▪ 系统地构建搜索树
▪ 选择边缘（未探索节点）的排序方式
▪ 最优：找到代价最小的规划



Example: Pancake Problem

Cost: Number of pancakes flipped

例子：煎饼问题

代价：翻转煎饼的次数



Example: Pancake Problem例子：煎饼问题



Example: Pancake Problem

3

2

4

3

3

2

2

2

4

State space graph with costs as weights

3

4

3

4

2

例子：煎饼问题

以代价为边权的状态空间图



General Tree Search

Action: flip top two
Cost: 2

Action: flip all four
Cost: 4

Path to reach goal:
Flip four, flip three

Total cost: 7

通用树搜索

动作：翻转最上面两个
代价：2

动作：翻转全部四个
到达目标的路径：
代价：4
翻四、翻三
总代价：7



The One Queue

▪ All these search algorithms are the 
same except for expansion strategies
▪ Conceptually, all fringes are priority 

queues (i.e. collections of nodes with 
attached priorities)

▪ Practically, for DFS and BFS, you can 
avoid the log(n) overhead from an 
actual priority queue by using stacks 
and queues

▪ Can even code one implementation that 
takes a variable queuing object

一个队列走天下

▪ 这些搜索算法的区别只在于扩展策略

▪ 概念上，所有边缘都是优先队列（
即带优先级的节点集合）

▪ 实践中，对 DFS 和 BFS，可以用
栈和队列来避免真实优先队列的 
log(n) 开销

▪ 甚至可以只写一份实现，接受可变的队列
对象



Uninformed Search无信息搜索



Depth-First Search
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Strategy: expand a 
deepest node first

Implementation: 
Fringe is a LIFO stack

深度优先搜索

策略：优先展开
最深的节点

实现：
边缘是 LIFO 栈



Breadth-First Search
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Search

Tiers

Strategy: expand a 
shallowest node first

Implementation: Fringe 
is a FIFO queue

广度优先搜索

策略：优先展开
最浅的节点

实现：边缘
是 FIFO 队列

搜索

层



Uniform Cost Search
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Strategy: expand a 
cheapest node first:

Fringe is a priority queue 
(priority: cumulative cost; 
numbers in tree refer to 
cumulative cost)
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一致代价搜索
策略：优先展开
代价最低的节点：

边缘是优先队列
（优先级：累积代价；
树中的数字表示
累积代价）



Uniform Cost Search

▪ Strategy: expand lowest path cost

▪ The good: UCS is complete and optimal!

▪ The bad:
▪ Explores options in every “direction”
▪ No information about goal location Start Goal

…

c ≤ 3

c ≤ 2
c ≤ 1

[Demo: contours UCS empty (L3D1)]
[Demo: contours UCS pacman small maze (L3D3)]

一致代价搜索

▪ 策略：按路径代价最低扩展

▪ 好的一面：UCS 完备且最优！

▪ 坏的一面：
▪ 向所有“方向”探索选项
▪ 没有关于目标位置的信息

[演示：等值线 UCS 空网格 (L3D1)]
[演示：等值线 UCS 吃豆人小迷宫 (L3D3)]



Informed Search有信息搜索



Search Heuristics

▪ A heuristic is:
▪ A function that estimates how close a state is to a goal

▪ Designed for a particular search problem

▪ Examples: Manhattan distance, Euclidean distance for 
pathing

10

5

11.2

搜索启发式

▪ 启发式（heuristic）是：

▪ 一个估计某状态离目标有多近的函数
▪ 针对特定的搜索问题而设计

▪ 例子：寻路中的曼哈顿距离、欧几里得距离



Example: Heuristic Function

h(x)

例子：启发式函数



Example: Heuristic Function

Heuristic: the number of the largest pancake that is still out of place
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h(x)

例子：启发式函数

启发式：仍未归位的最大煎饼的编号



Greedy Search贪婪搜索



Example: Heuristic Function

h(x)

例子：启发式函数



Greedy Search

▪ Expand the node that seems closest…

▪ What can go wrong?

贪婪搜索

▪ 展开看起来离目标最近的节点……

▪ 可能出什么问题？



Greedy Search

▪ Strategy: expand a node that you think is 
closest to a goal state
▪ Heuristic: estimate of distance to nearest goal for 

each state

▪ A common case:
▪ Best-first takes you straight to a (suboptimal) goal

▪ Worst-case: like a badly-guided DFS

…
b

…
b

[Demo: contours greedy empty (L3D1)] 
[Demo: contours greedy pacman small maze (L3D4)]

贪婪搜索

▪ 策略：展开你认为离目标状态最近的节点

▪ 启发式：对每个状态到最近目标距离的估计

▪ 常见情形：
▪ 最佳优先会把你直接带到（次优的）目标

▪ 最坏情形：就像引导很差的 DFS

[演示：等值线 贪婪 空网格 (L3D1)]
[演示：等值线 贪婪 吃豆人小迷宫 (L3D4)]



A* SearchA* 搜索



A* Search

UCS Greedy

A*

A* 搜索



Combining UCS and Greedy

▪ Uniform-cost orders by path cost, or backward cost  g(n)
▪ Greedy orders by goal proximity, or forward cost  h(n)

▪ A* Search orders by the sum, or total cost: f(n) = g(n) + h(n)
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Example: Teg Grenager
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h=5
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g = 3 
h=7

g = 4 
h=2

g = 6 
h=0

g = 9 
h=1

g = 10 
h=2

g = 12 
h=0

结合 UCS 与贪婪搜索

▪ 一致代价按路径代价（后向代价 g(n)）排序
▪ 贪婪按到目标的接近程度（前向代价 h(n)）排序

▪ A* 搜索按两者之和（总代价）排序：f(n) = g(n) + h(n)

例图来源：Teg Grenager



When should A* terminate?

▪ Should we stop when we enqueue a goal?

▪ No: only stop when we dequeue a goal

S

B

A

G

2

3

2

2

h = 1

h = 2

h = 0h = 3

A* 何时终止？

▪ 目标入队时就应该停止吗？

▪ 不：只有当目标出队时才停止



Is A* Optimal?

▪ What went wrong?
▪ Actual bad goal cost < estimated good goal cost
▪ We need estimates to be less than actual costs!

A

GS

1 3

h = 6

h = 0

5

h = 7

A* 最优吗？

▪ 哪里出了问题？
▪ 实际的坏目标代价 < 估计的好目标代价
▪ 我们需要估计值小于实际代价！



Admissible Heuristics可采纳启发式



Idea: Admissibility

Inadmissible (pessimistic) heuristics break 
optimality by trapping good plans on the fringe

Admissible (optimistic) heuristics slow down 
bad plans but never outweigh true costs

思想：可采纳性

不可采纳（悲观）的启发式会把好规划困在边缘，
从而破坏最优性

可采纳（乐观）的启发式会拖慢坏规划，但
绝不会高估真实代价



Admissible Heuristics

▪ A heuristic h is admissible (optimistic) if:

where               is the true cost to a nearest goal

▪ Examples:

▪ Finding good, cheap admissible heuristics is the key to success

4
15

可采纳启发式

▪ 启发式 h 是可采纳的（乐观的），若：

其中 h*(n) 是到最近目标的真实代价

▪ 例子：

▪ 找到既好又廉价的可采纳启发式是成功的关键



Optimality of A* Tree SearchA* 树搜索的最优性



Optimality of A* Tree Search

Assume:

▪ A is an optimal goal node

▪ B is a suboptimal goal node

▪ h is admissible

Claim:

▪ A will be chosen for expansion before B

…

A
B

A* 树搜索的最优性

假设：
▪ A 是最优目标节点
▪ B 是次优目标节点
▪ h 是可采纳的

断言：

▪ A 会先于 B 被选中扩展



Optimality of A* Tree Search: Blocking

Proof:

▪ Imagine B is on the frontier

▪ Some ancestor n of A is on the frontier, 
too (maybe A itself!)

▪ Claim: n will be expanded before B

1. f(n) ≤ f(A)

f(n) = g(n) + h(n)              Definition of f-cost

f(n) ≤ g(A)                         Admissibility of h

…

g(A) = f(A)                         h = 0 at a goal

A
B

n

A* 树搜索的最优性：阻塞

证明：
▪ 假设 B 在边界（frontier）上
▪ A 的某个祖先 n 也在边界上（也许就是 

A 本身！）
▪ 断言：n 会先于 B 被扩展

1. f(n) ≤ f(A)

f(n) = g(n) + h(n)　—— f 代价的定义
f(n) ≤ g(A)　—— h 的可采纳性
g(A) = f(A)　—— 目标处 h = 0



Optimality of A* Tree Search: Blocking

Proof:

▪ Imagine B is on the frontier

▪ Some ancestor n of A is on the frontier, 
too (maybe A itself!)

▪ Claim: n will be expanded before B

1. f(n) ≤ f(A)

2. f(A) < f(B)

…

A
B

n

g(A) <  g(B)                       Suboptimality of B

f(A) <  f(B)                         h = 0 at a goal

A* 树搜索的最优性：阻塞

证明：
▪ 假设 B 在边界（frontier）上
▪ A 的某个祖先 n 也在边界上（也许就是 

A 本身！）
▪ 断言：n 会先于 B 被扩展

1. f(n) ≤ f(A)
2. f(A) < f(B)

g(A) < g(B)　—— B 是次优的
f(A) < f(B)　—— 目标处 h = 0



Optimality of A* Tree Search: Blocking

Proof:

▪ Imagine B is on the frontier

▪ Some ancestor n of A is on the frontier, 
too (maybe A itself!)

▪ Claim: n will be expanded before B

1. f(n) ≤ f(A)

2. f(A) < f(B)

3. n is expanded before B

▪ All ancestors of A are expanded before B

▪ A is expanded before B

▪ A* tree search is optimal

…

A
B

n

f(n)  ≤  f(A)  <  f(B)  

A* 树搜索的最优性：阻塞

证明：
▪ 假设 B 在边界（frontier）上
▪ A 的某个祖先 n 也在边界上（也许就是 

A 本身！）
▪ 断言：n 会先于 B 被扩展

1. f(n) ≤ f(A)
2. f(A) < f(B)
3. n 先于 B 被扩展

▪ A 的所有祖先都先于 B 被扩展
▪ A 先于 B 被扩展
▪ A* 树搜索是最优的



Properties of A*A* 的性质



Properties of A*

…
b

…
b

Uniform-Cost A*

A* 的性质

一致代价 A*



UCS vs A* Contours

▪ Uniform-cost expands equally in all 
“directions”

▪ A* expands mainly toward the goal, 
but does hedge its bets to ensure 
optimality

Start Goal

Start Goal

[Demo: contours UCS / greedy / A* empty (L3D1)]
[Demo: contours A* pacman small maze (L3D5)]

UCS 与 A* 的等值线

▪ 一致代价在所有“方向”上均匀扩展

起点 目标

▪ A* 主要朝目标扩展，但也会适度
对冲以保证最优性

目标起点

[演示：等值线 UCS / 贪婪 / A* 空网格 (L3D1)]
[演示：等值线 A* 吃豆人小迷宫 (L3D5)]



Comparison

Greedy Uniform Cost A*

比较

贪婪 一致代价 A*



A* ApplicationsA* 的应用



A* Applications

▪ Video games

▪ Pathing / routing problems

▪ Resource planning problems

▪ Robot motion planning

▪ Language analysis

▪ Machine translation

▪ Speech recognition

▪ …
[Demo: UCS / A* pacman tiny maze (L3D6,L3D7)]
[Demo: guess algorithm Empty Shallow/Deep (L3D8)]

A* 的应用

▪ 电子游戏
▪ 路径规划 / 路由问题
▪ 资源规划问题
▪ 机器人运动规划
▪ 语言分析
▪ 机器翻译
▪ 语音识别

[演示：UCS / A* 吃豆人微型迷宫 (L3D6, L3D7)]
[演示：猜算法 空旷/浅水/深水 (L3D8)]



Creating Heuristics构造启发式



Creating Admissible Heuristics

▪ Most of the work in solving hard search problems optimally is in coming up 
with admissible heuristics

▪ Often, admissible heuristics are solutions to relaxed problems, where new 
actions are available

▪ (Inadmissible heuristics are often useful too)

15
366

构造可采纳启发式

▪ 求解困难搜索问题并保证最优，大部分工作量在于提出可采纳启发式

▪ 可采纳启发式通常是“松弛问题”的解——即在原问题基础上允许新的动作

▪ （不可采纳的启发式往往也有用）



Example: 8 Puzzle

▪ What are the states?
▪ How many states?
▪ What are the actions?
▪ How many successors from the start state?
▪ What should the costs be?
▪ Any heuristics?

Start State Goal StateActions

例子：8 数码

初始状态 动作 目标状态

▪ 状态是什么？
▪ 有多少个状态？
▪ 动作是什么？
▪ 从初始状态出发有多少个后继？
▪ 代价应该是什么？
▪ 有什么启发式？



8 Puzzle I

▪ Heuristic: Number of tiles misplaced

▪ Why is it admissible?

▪ h(start) =

▪ This is a relaxed-problem heuristic
8

A* search nodes expanded 
when the optimal path has…
…4 
steps

…8 
steps

…12 
steps

UCS 112 6,300 3.6 x 106

TILES 13 39 227

Start State Goal State

Statistics from Andrew Moore

8 数码 I

▪ 启发式：放错位置的数字牌个数
▪ 为什么它是可采纳的？
▪ h(start) = 8
▪ 这是松弛问题的启发式

初始状态 目标状态

A* 扩展的搜索节点数
当最优路径步数为……

步 步 步
3.6 × 106

错牌数
数据来源：Andrew Moore



8 Puzzle II

▪ What if we had an easier 8-puzzle where 
any tile could slide any direction at any 
time, ignoring other tiles?

▪ Total Manhattan distance

▪ Why is it admissible?

▪ h(start) = 3 + 1 + 2 + … = 18
Average nodes expanded when 
the optimal path has…
…4 
steps

…8 
steps

…12 
steps

TILES 13 39 227

MANHATTAN 12 25 73

Start State Goal State

8 数码 II

▪ 如果我们有一个更简单的 8 数码：任何数字
牌任何时候都可以朝任意方向滑动，无视其他
牌，会怎样？

▪ 总曼哈顿距离
初始状态 目标状态

▪ 为什么它是可采纳的？

当最优路径步数为……时
▪ h(start) = 平均扩展的节点数

步 步 步
错牌数

曼哈顿



8 Puzzle III

▪ How about using the actual cost as a heuristic?
▪ Would it be admissible?

▪ Would we save on nodes expanded?

▪ What’s wrong with it?

▪ With A*: a trade-off between quality of estimate and work per node
▪ As heuristics get closer to the true cost, you will expand fewer nodes but usually 

do more work per node to compute the heuristic itself

8 数码 III

▪ 如果直接用真实代价作为启发式呢？
▪ 它可采纳吗？
▪ 能减少扩展的节点数吗？
▪ 它有什么问题？

▪ 对 A*：这是估计质量与每节点计算量之间的权衡
▪ 启发式越接近真实代价，扩展的节点越少，但通常每个节点要花更多工作量来计

算启发式本身



More Heuristic Properties更多启发式性质



Trivial Heuristics, Dominance

▪ Dominance: h
a
 ≥ h

c
 if

▪ Heuristics form a semi-lattice:
▪ Max of admissible heuristics is admissible

▪ Trivial heuristics
▪ Bottom of lattice is the zero heuristic (what 

does this give us?)

▪ Top of lattice is the exact heuristic

平凡启发式与支配关系

▪ 支配关系：若 ha ≥ hc

▪ 启发式构成一个半格：
▪ 可采纳启发式的最大值仍是可采纳的

▪ 平凡启发式

▪ 格的底部是零启发式（这会给我们什么？）

▪ 格的顶部是精确启发式



Graph Search图搜索



▪ Failure to detect repeated states can cause exponentially more work.  

Search TreeState Graph

Tree Search: Extra Work!树搜索：额外的工作！

▪ 未能检测重复状态可能导致指数级增长的工作量。

状态图 搜索树



Graph Search

▪ In BFS, for example, we shouldn’t bother expanding the circled nodes (why?)
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图搜索

▪ 例如在 BFS 中，我们不必费心展开被圈出的节点（为什么？）



Graph Search

▪ Idea: never expand a state twice

▪ How to implement: 

▪ Tree search + set of expanded states (“closed set”)

▪ Expand the search tree node-by-node, but…
▪ Before expanding a node, check to make sure its state has never been 

expanded before

▪ If not new, skip it, if new add to closed set

▪ Important: store the closed set as a set, not a list

▪ Can graph search wreck completeness?  Why/why not?

▪ How about optimality?

图搜索

▪ 思想：绝不重复展开同一个状态

▪ 如何实现：

▪ 树搜索 + 已展开状态的集合（closed set，关闭列表）

▪ 逐节点扩展搜索树，但是……

▪ 在展开一个节点前，先检查其状态是否从未被展开过

▪ 若不新，跳过；若新，加入关闭列表

▪ 重要：关闭列表要用集合存储，而不是列表

▪ 图搜索会破坏完备性吗？为什么？

▪ 最优性又如何？



Tree Search Pseudo-Code树搜索伪代码



Graph Search Pseudo-Code图搜索伪代码



A* Graph Search Gone Wrong?

S

A

B

C

G

1

1

1

2
3

h=2

h=1

h=4

h=1

h=0

S (0+2)

A (1+4) B (1+1)

C (2+1)

G (5+0)

C (3+1)

G (6+0)

State space graph Search tree

Simple check against expanded set blocks C

Fancy check allows new C if cheaper than old
but requires recalculating C’s descendants

A* 图搜索出问题了？

状态空间图 搜索树

用已展开集合做简单检查会挡住 C
复杂检查允许新的 C（若比旧的更便宜）
但需要重新计算 C 的所有后代



Consistency of Heuristics

▪ Main idea: estimated heuristic costs ≤ actual costs

▪ Admissibility: heuristic cost ≤ actual cost to goal

h(A) ≤ actual cost from A to G

▪ Consistency: heuristic “arc” cost ≤ actual cost for each arc

h(A) – h(C) ≤ cost(A to C)

▪ Consequences of consistency:

▪ The f value along a path never decreases

 h(A) ≤ cost(A to C) + h(C)

▪ A* graph search is optimal

3

A

C

G

h=4 h=1
1

h=2

启发式的一致性

▪ 核心思想：启发式估计代价 ≤ 实际代价

▪ 可采纳性：启发式代价 ≤ 到目标的实际代价

h(A) ≤ 从 A 到 G 的实际代价

▪ 一致性：每条弧上，启发式“弧”代价 ≤ 实际代价

h(A) − h(C) ≤ A 到 C 的代价

▪ 一致性的推论：

▪ 沿一条路径，f 值永不下降

h(A) ≤ A 到 C 的代价 + h(C)

▪ A* 图搜索是最优的



Optimality of A* Graph SearchA* 图搜索的最优性



Optimality of A* Graph Search

▪ Sketch: consider what A* does with a 
consistent heuristic:

▪ Fact 1: In tree search, A* expands nodes in 
increasing total f value (f-contours)

▪ Fact 2: For every state s, nodes that reach s 
optimally are expanded before nodes that 
reach s suboptimally

▪ Result: A* graph search is optimal

…

f ≤ 3

f ≤ 2

f ≤ 1

A* 图搜索的最优性

▪ 概要：考虑 A* 使用一致性启发式时的行
为：

▪ 事实 1：在树搜索中，A* 按总 f 值递增的
顺序扩展节点（f 等值线）

▪ 事实 2：对每个状态 s，最优到达 s 的节
点会先于次优到达 s 的节点被扩展

▪ 结论：A* 图搜索是最优的



Optimality

▪ Tree search:
▪ A* is optimal if heuristic is admissible
▪ UCS is a special case (h = 0)

▪ Graph search:
▪ A* optimal if heuristic is consistent
▪ UCS optimal (h = 0 is consistent)

▪ Consistency implies admissibility

▪ In general, most natural admissible heuristics 
tend to be consistent, especially if from relaxed 
problems

最优性

▪ 树搜索：
▪ 若启发式可采纳，A* 最优
▪ UCS 是特例（h = 0）

▪ 图搜索：
▪ 若启发式一致，A* 最优
▪ UCS 最优（h = 0 是一致的）

▪ 一致性蕴涵可采纳性

▪ 一般而言，大多数自然的可采纳启发式往往
是一致的，尤其是来自松弛问题的启发式



A*: SummaryA*：小结



A*: Summary

▪ A* uses both backward costs and (estimates of) forward costs

▪ A* is optimal for trees/graphs with admissible / consistent heuristics

▪ Heuristic design is key: often use relaxed problems

A*：小结

▪ A* 同时使用后向代价与（估计的）前向代价

▪ 在启发式可采纳 / 一致的树或图上，A* 是最优的

▪ 启发式设计是关键：常常利用松弛问题



Tree Search Pseudo-Code树搜索伪代码



Graph Search Pseudo-Code图搜索伪代码



Optimality of A* Graph Search

▪ Consider what A* does:
▪ Expands nodes in increasing total f value (f-contours)

Reminder: f(n) = g(n) + h(n) = cost to n + heuristic

▪ Proof idea: the optimal goal(s) have the lowest f value, so 
it must get expanded first

…

f ≤ 3

f ≤ 2
f ≤ 1

There’s a problem with this 
argument.  What are we assuming is 
true?

A* 图搜索的最优性

▪ 考虑 A* 的行为：
▪ 按总 f 值递增的顺序扩展节点（f 等值线）

提醒：f(n) = g(n) + h(n) = 到 n 的代价 + 启发式

▪ 证明思路：最优目标的 f 值最低，所以必然最先被扩展

这个论证有一个问题。我们默认了什么是成
立的？



Optimality of A* Graph Search

Proof:

▪ New possible problem: some n on path to G* 
isn’t in queue when we need it, because some 
worse n’ for the same state dequeued and 
expanded first (disaster!)

▪ Take the highest such n in tree

▪ Let p be the ancestor of n that was on the 
queue when n’ was popped

▪ f(p) < f(n) because of consistency

▪ f(n) < f(n’) because n’ is suboptimal

▪ p would have been expanded before n’

▪ Contradiction!

A* 图搜索的最优性

证明：

▪ 新的可能问题：通往 G* 路径上的某个 n，在
需要时不在队列中，因为同一状态有个更差
的 n' 先被出队并扩展（灾难！）

▪ 取树中最高的这样的 n

▪ 设 p 为 n' 被弹出时队列中 n 的祖先

▪ 由一致性，f(p) < f(n)
▪ 由 n' 次优，f(n) < f(n')
▪ p 会先于 n' 被扩展
▪ 矛盾！



But…

▪ A* keeps the entire explored region in memory

▪ => will run out of space before you get bored waiting for the answer

▪ There are variants that use less memory (Section 3.5.5):
▪ IDA* works like iterative deepening, except it uses an f-limit instead of a depth limit

▪ On each iteration, remember the smallest f-value that exceeds the current limit, use as new limit

▪ Very inefficient when f is real-valued and each node has a unique value

▪ RBFS is a recursive depth-first search that uses an f-limit = the f-value of the best 
alternative path available from any ancestor of the current node 
▪ When the limit is exceeded, the recursion unwinds but remembers the best reachable f-value on 

that branch

▪ SMA* uses all available memory for the queue, minimizing thrashing
▪ When full, drop worst node on the queue but remember its value in the parent

但是……

▪ A* 会把整个已探索区域都保存在内存中
▪ => 在你等答案等到无聊之前，内存就先耗尽了
▪ 有一些使用更少内存的变体（见 3.5.5 节）：

▪ IDA* 像迭代加深一样工作，只是用 f 限界代替深度限界
▪ 每次迭代记住超过当前限界的最小 f 值，作为新的限界
▪ 当 f 为实数且每个节点取值唯一时效率很低

▪ RBFS 是递归的深度优先搜索，其 f 限界 = 当前节点任一祖先处最佳替代路径的 f
值

▪ 超过限界时递归回退，但记住该分支上可达的最佳 f 值

▪ SMA* 把所有可用内存都用于队列，尽量减少抖动
▪ 队列满时，丢弃队列中最差的节点，但在其父节点中记住它的值
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