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Swarm intelligence

• A collective system of agents capable of 

accomplishing difficult tasks in dynamic and varied 

environments with little or no central coordination.

• Performing a task that could not normally be 

performed by an individual agent acting alone.

• A general framework for solving optimization 

problems.

群体智能
• 智能体的集体系统，能够在动态多变的

环境中完成困难的任务，而几乎不需要
集中协调。

• 完成单个智能体单独行动通常无法完成
的任务。

• 求解优化问题的通用框架。



• Why do birds flock together? To find 

food, avoid predation, minimize drag 

(aerodynamics), etc.

• Orderly behavior from simple rules 

followed by individuals.

• See [Chazelle 2009, Natural 

Algorithms] for an algorithmic 

perspective

Birds flocking

• Why do fish form schools? To find food, 

avoid predation, etc.

• See [Ward 2011] for analysis of how 

speed and accuracy of decision-making 

vary with school size. 

Schools of fish

Examples of particle swarm intelligence粒子群体智能的示例

鸟群
• 鸟为何成群？觅食、避敌、
减小阻力（空气动力学）

• 简单规则产生有序行为。

• 算法视角参见 
[Chazelle 2009]

鱼群
• 鱼为何成群？觅食、避敌等。

• 速度与准确性随群体规模
变化，见 [Ward 2011]。



Ant colonies

• Individual ants are mostly blind and 

incapable of achieving tasks alone.

• Basic problem: 

• find food.

• once found, recruit other ants.

• efficiently transport food back to 

nest to feed colony.

• Why it’s hard:

• food can be anywhere.

• limited communication abilities.

蚁群
• 单个蚂蚁几乎全盲，无法独自完成

任务。

• 基本问题：
• 找到食物。

• 找到之后，招募其他蚂蚁。
• 高效地把食物运回巢穴，供养整

个群体。

• 难在哪里：
• 食物可能在任何地方。

• 通信能力有限。



Naturally observed ant 

behavior

All is well in the world of the ant...

自然观察到的蚂蚁
行为

在蚂蚁的世界里，一切安好……



Naturally observed ant 

behavior

But now, an obstacle has blocked the 

path

自然观察到的蚂蚁
行为

但现在，一个障碍物挡住了
去路



Naturally observed ant 

behavior

What should we do? Everybody flip a 

coin.

自然观察到的蚂蚁
行为

我们该怎么办？每只蚂蚁都掷一次
硬币。



Naturally observed ant 

behavior

Shorter path reinforced. How does this 

happen?

自然观察到的蚂蚁
行为

较短的路径被强化。这是如何
发生的？



Ant communication

• Stigmergy: a term coined by French biologist Pierre-Paul 

Grasse and means interaction through the environment.

• An indirect method of coordination between agents

• Two individuals interact indirectly when one of them 

modifies the environment and the other responds to the 

new environment at a later time.

• Real ants use stigmergy via chemical pheromones

蚂蚁的通信

• 共识主动性（stigmergy）：由法国生物学家 Pierre-Paul
Grasse 提出的术语，意为通过环境进行交互。

• 智能体之间的一种间接协调方式

• 当一个个体改变了环境，而另一个个体在稍后对这个
新环境作出反应时，两者之间就发生了间接交互。

• 真实蚂蚁通过化学信息素实现共识主动性





Natural ants: how do they do 

it?
1. First ant wanders randomly until it finds 

a food source (F), then it returns to the 

nest (N) laying down a pheromone trail.

2. Other ants follow one of the 4 paths at 

random, also laying down pheromone 

trails. 

3. Short paths gets reinforced with more 

pheromone than long paths, making it 

more appealing for future ants.

4. The ants become increasingly likely to 

follow the shortest path since by definition 

it’s the most reinforced path.

5. Pheromone in longer paths evaporate.

自然蚂蚁：它们是如何做到的？

1. 第一只蚂蚁随机游走，直到找到
食物源（F），然后返回
巢穴（N），沿途留下信息素。

2. 其他蚂蚁随机地沿 4 条路径中的
一条前进，同时留下信息素

3. 短路径会比长路径获得更多的
信息素强化，从而使其
对后来的蚂蚁更有吸引力。

4. 蚂蚁越来越有可能
走最短路径，因为按定义
它就是被强化最多的路径。

5. 长路径上的信息素会挥发。



Auto-catalyzation

• Follow existing pheromone trails with high probability.  The more ants 

follow a trail, the more attractive that trail becomes for being followed. 

• The process is thus characterized by a positive feedback loop, where 

the probability of a discrete path choice increases with the number of 

times the same path was chosen before.

• Overall, in CS terms, this process is parallel and distributed, 

stochastic, and adaptive based on feedback.

i.e. positive feedback

自催化
即正反馈

• 以较高的概率沿已有的信息素轨迹前进。跟随某条
轨迹的蚂蚁越多，该轨迹就越有吸引力。

• 因此这一过程具有正反馈回路的特征：某条离散路径
此前被选择的次数越多，再次选择它的概率就越大。

• 总体而言，用计算机科学的术语说，该过程是并行与
分布式的、随机的，并基于反馈自适应。



Ant colony optimization

• Introduced by Marco Dorigo in his 1992 PhD 

thesis

• General framework for solving optimization 

problems where you need to find paths 

through graphs, and inspired by the behavior 

of ant colonies. 

• Originally applied to the traveling salesman 

problem, and later to various other NP-hard 

optimization problems.

蚁群优化

• 由 Marco Dorigo 在其 1992 年的博士论文中提出

• 求解优化问题的通用框架，用于在图中

寻找路径，其灵感来自
蚁群的行为。

• 最初用于旅行商问题，后来用于

各种其他的 NP 难优化问题。



The traveling salesman 

problem

• A classic NP-hard 

combinatorial 

optimization problem

• Given n cities and the 

pairwise distances 

between them, what 

is the shortest route 

that visits each city 

exactly once?
Distance assumed to be 

Euclidean.

旅行商
问题

• 一个经典的 NP 难
组合优化问题

• 给定 n 个城市以及
它们之间两两的距离：
访问每个城市恰好
一次的最短路线
是什么？ 假定距离为

欧氏距离。



# of iterations

total distance

% of optimal

总距离
迭代次数

占最优解的比例



Ants as computational 

agents

• Ants start at some city.

• Each chooses the next city with a 

probability that is a function of the 

city distance and of the amount of 

pheromone present along the edge.

Nature CS

Natural habitat
Graph (nodes and 

edges)

Nest and food Nodes in the graph

Ants Distributed agents

Direction likelihood
Edge likelihood: 1/dij + 

amount of pheromone

Foraging behavior
Random pheromone-

guided walk in graph

• To force the ant to make legal 

tours, transitions to already visited 

town are disallowed until a tour is 

complete (this is controlled by a 

tabu list).

• When it completes a tour, it lays 

pheromone on each edge visited.

作为计算主体的
蚂蚁

• 蚂蚁从某个城市出发。 自然 CS

• 每只蚂蚁选择下一个城市 图（节点与
自然栖息地的概率是城市间距离 边）

与该边上已有信息素量
的函数。 巢穴与食物 图中的节点

• 为使蚂蚁走出合法的
回路，在完成一次回路之前 蚂蚁 分布式智能体
禁止转移到已访问的城市

（由禁忌表控制）。 边似然：1/dij方向似然

• 随机信息素完成回路后，蚂蚁会在 觅食行为
图中引导式游走在经过的每条边留下信息素



Ant colony optimization for 

TSP
Graph (V,E): where V = cities(nodes), E = edges 

dij = the Euclidean distance from from city i to city j

Ant moves from one city i to the next j with some transition probability. 

Each edge (r,s) is associated with:

a static value based on the edge-cost η(r,s) = 1/dr,s.

a dynamic value based on the amount of pheromone τ(r,s) deposited by 

ants. Initially, 0.

Each ant tries to produce a complete tour, using the probability depending 

on η(r,s)  and τ(r,s) to choose the next city.

面向 TSP 的蚁群
优化

图（V, E）：其中 V = 城市（节点），E = 边

dij = 从城市 i 到城市 j 的欧氏距离

蚂蚁以某个转移概率从城市 i 移动到下一个城市 j。

每条边 (r, s) 关联两个值：
基于边代价的静态值 η(r,s) = 1/drs

以及基于所释放信息素量的动态值 τ(r,s)
初始时 τ 为 0。

每只蚂蚁都试图生成一条完整回路，
依据 η(r,s) 与 τ(r,s) 来选择下一个城市。



A simple TSP example

A

E

D

C

B

1

[]

4

[]

3

[]

2

[]

5

[]

dAB =100;dBC = 60…;dDE =150

一个简单的 TSP 示例 []



Iteration 1

A

E

D

C

B
1

[A]

5

[E]

3

[C]

2

[B]

4

[D]

第 1 次迭代



How to choose next city?

A

E

D

C

B
1

[A]

prob kth ant goes 

from node i to 

node j at time t

tabu list of 

allowable next 

cities

amount of current 

pheromone from 

node i to node k

static distance 

from i to k

user-defined parameters

如何选择下一个城市？

1 A B
用户自定义参数

第 k 只蚂蚁走到的 静态距离当前的信息素量的禁忌表
从节点 i 到 D 从 i 到 k信息素，从允许的下一
节点 j，在时刻 t 节点 i 到节点 k城市 E



How to choose next city?

A

E

D

C

B

1

[A,D]

如何选择下一个城市？



Iteration 2

A

E

D

C

B
3

[C,B]

5

[E,A]

1

[A,D]

2

[B,C]

4

[D,E]

第 2 次迭代



Iteration 3

A

E

D

C

B

4

[D,E,A]

5

[E,A,B]

3

[C,B,E]

2

[B,C,D]

1

[A,D,C]

第 3 次迭代



Iteration 4

A

E

D

C

B

4

[D,E,A,B]

2

[B,C,D,A]

5

[E,A,B,C]

1

[A,D,C,E]

3

[C,B,E,D]

第 4 次迭代



Iteration 5

A

E

D

C

B

1

[A,D,C,E,B]

3

[C,B,E,D,A]

4

[D,E,A,B,C]

2

[B,C,D,A,E]

5

[E,A,B,C,D]

第 5 次迭代



Path and Trace Update

1

[A,D,C,E,B]

5

[E,A,B,C,D]

L1 =300

L2 =450

L3 =260

L4 =280

L5 =420

2

[B,C,D,A,E]

3

[C,B,E,D,A]

4

[D,E,A,B,C]

constant, typically =1

each ant updates the pheromone along all edges it 

used. Update magnitude is a function of the length of 

the tour (shorter tour, more pheromone on each edge 

used)

路径与轨迹更新

[D,E,A,B,C]
每只蚂蚁都会更新它所经过
的所有边上的信息素；更新量

L4=280 为回路长度的函数（越短则越多）



What about pheromone evaporation?

constant, typically =1

each ant updates the pheromone along all edges it 

used. Update magnitude is a function of the length of 

the tour (shorter tour, more pheromone on each edge 

used)

First update 

pheromone used

amount of 

pheromone along 

edge at time t+1

Then, evaporate 

new pheromone added 

to edge from all ants
amount of 

pheromone 

along edge at 

time t

rate of decay

那么信息素挥发呢？

常数，通常取 1

先更新
所用的信息素

每只蚂蚁都会更新它经过的所有边上的信息素。
更新量取决于回路的长度
（回路越短，每条边信息素越多）

然后，挥发

新增的信息素

所有蚂蚁加到该边上的量衰减率的量
信息素，沿 信息素
边，时刻 t+1 沿边，在

时刻 t



End of First Run

All ants re-spawn and repeat

Save Best Tour (Sequence and length) 

第一轮结束

保存最优回路（序列与长度）

所有蚂蚁重新出发并重复



ACO Algorithm for TSP

Initialize

Place each ant in a randomly chosen city

Choose NextCity(For Each Ant)

more cities

to visit

For Each Ant

Return to the initial cities

Update trace level using the tour cost for each ant

Print Best tour

yes

No

Stopping

criteria

yes

No

面向 TSP 的 ACO 算法



Parameters and their 

consequences
1. α (pheromone)

high values mean more importance for pheromone

2. β (edge distance)

high values mean more importance for the static distance

Low values indicate more randomness → explore and exploit 

strategies

3. p (evaporation rate)

high values mean fast adaptation but could “over-fit”

low values means slow adaptation

参数及其
影响

1. α（信息素）
取值越大，信息素越重要

2. β（边距离）
取值越大，静态距离越重要

取值小意味着随机性更强 → 探索与
利用策略

3. p（挥发率）
取值大意味着适应快，但可能“过拟合”；
取值小则适应慢



Stopping Criteria

• Stagnation

• Max Iterations

停止准则

• 停滞

• 最大迭代次数
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• Advantages:

• A distributed algorithm: ants work concurrently and independently

• Feedback allows for quick discovery of good solutions

• Probabilistic (robust)

• Disadvantages:

• No guarantees about the solution quality; theoretical analysis 
hard

• Inefficient use of the global solution

• Many variations and conferences for ant-colony inspired algorithms

• 优点：

• 分布式算法：蚂蚁并发且独立地工作

• 反馈使好的解能够被快速发现

• 概率性的（鲁棒）

• 缺点：
• 解的质量没有保证；理论分析困难

• 对全局解的利用效率不高

• 蚁群启发式算法有大量变体与专门会议



ACO applied to other problemsACO 在其他问题上的应用



ACO applied to other problemsACO 在其他问题上的应用



alas, not all ants use pheromones to guide their 

behavior...

遗憾的是，并非所有蚂蚁都用信息素来
指导行为……
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• Advantages:

• A distributed algorithm: ants work concurrently and 
independently

• Feedback allows for quick discovery of good solutions

• Probabilistic (robust)

• Disadvantages:

• No guarantees about the solution quality; theoretical 
analysis is difficult

• Somewhat inefficient use of the global solution

• 优点：
• 分布式算法：蚂蚁并发且独立地

工作

• 反馈使好的解能够被快速发现

• 概率性的（鲁棒）

• 缺点：
• 解的质量没有保证；理论

分析很困难

• 对全局解的利用有些低效



ACO applied to other problemsACO 在其他问题上的应用



ACO applied to other problemsACO 在其他问题上的应用



Anonymous file sharing (MUTE)

• Problem: enable P2P file-sharing between 

users while also protecting user privacy

• Typically, when a message is sent on the 

internet, the src and dest IP of the message is 

visible.

• Here, want to ensure that no node knows which 

computer the sender and recipient are using.

http://mute-net.sourceforge.net/

匿名文件共享（MUTE）

• 问题：在用户之间实现 P2P 文件共享，
同时保护用户隐私

• 通常，消息在互联网上发送时，消息的
源 IP 与目的 IP 都是可见的。

• 这里要确保没有任何节点知道发送方与
接收方使用的是哪台计算机。

http://mute-net.sourceforge.net/


MUTE
Assume X receives a message from 

Alice to Bob through node Y, one of its 

neighbors.

X may not know where Bob is in the 

network.

However, upon receiving the 

message, X learns something about 

Alice: namely, that messages from 

Alice come through Y. 

In the future, if X needs to send a 

message to Alice, it knows to send it 

via Y.

MUTE
假设 X 收到一条
从 Alice 发给 Bob 的消息，它经由
邻居节点 Y 转发。

X 可能并不知道 Bob 在
网络中的位置。

但是，在收到该
消息之后，X 就得到了关于
Alice 的线索：即来自
Alice 的消息是经由 Y 传来的。

今后，如果 X 需要发送
消息给 Alice，它就知道应当
经由 Y 发送。



MUTE

X knows nothing about Bob, so what 

does it do? It broadcasts the 

message to all of X’s neighbors.

One of the neighbors may have 

information about which direction 

Bob is in. (If not, they also broadcast)

If Bob exists, eventually the message 

will reach him.

MUTE

X 对 Bob 一无所知，那么它
会怎么做？它把这条
消息广播给 X 的所有邻居。

其中某个邻居可能
知道 Bob 所在方向的
信息。（如果也不知道，它们同样广播）

如果 Bob 存在，消息最终
会到达他那里。



MUTE
Through the search for Bob, the 

message has been leaving a trail of 

clues about Alice.

If the message reaches Bob, and if 

Bob needs to reply to Alice, the 

response can follow the same path 

back to Alice.

This in-turn leaves clues about how 

to reach Bob (without ever giving up 

the identify of which computer Bob is 

using).

No node can say, “my neighbor is Alice” .

It can only say, “My neighbor knows more about Alice

than I do”

MUTE
在寻找 Bob 的过程中，
这条消息留下了一串关于
Alice 的线索。

如果消息到达了 Bob，并且
Bob 需要回复 Alice，那么
回复可以沿同一条路径
返回 Alice。

这又留下了关于如何
找到 Bob 的线索（而且始终不
泄露 Bob 所用计算机
的身份）。

任何节点都不能说：“我的邻居是 Alice”。
它只能说：“我的邻居比我知道
更多关于 Alice 的事”。



alas, not all ants use pheromones to guide their 

behavior...

遗憾的是，并非所有蚂蚁都用信息素来
指导行为……



Published in PLoS Computational Biology, 2012发表于《PLoS 计算生物学》，2012 年



Harvester ants

• Live in the desert where the wind randomly scatters seeds.

• Ants obtain water and nutrients from metabolizing the fats in the 
seeds.

• One ant can retrieve the seed and bring it back to the colony --
unlike before, no benefit to “recruiting” other ants to the same spot.

收获蚁

• 生活在沙漠中，风把种子随机地吹散。

• 蚂蚁代谢种子中的脂肪获取水分
与养分

• 一只蚂蚁就能取回种子并带回群体——
与之前不同，“招募”其他蚂蚁没有好处。



Foraging challenges

• The ants dry out when they forage, so they need to regulate foraging 
according to the current conditions:

– weather

– time of the day

– current food availability

– possible competition with neighboring colonies

• Must decide when to forage without any central control

觅食的挑战

• 蚂蚁觅食时会失水，因此需要根据当前
条件来调节觅食：
– 天气
– 一天中的时段
– 当前的食物可得性
– 与邻近群体可能的竞争

• 必须在没有集中控制的情况下决定何时出去觅食



How does foraging occur?

An ant returns home via a 5-10cm tunnel, 
drops its seed in the tunnel. The seed is 
picked up by another ant to take into the 
nest. The returning ant re-queues.

Regulation depends on feedback from 
returning foragers who stimulate (via 
antennae contact) more foragers to leave 
the nest

Forager return rate corresponds to food 
availability: more food → increased return 
rate → increased outgoing rate

This paper: proposes a model of how return rates influence outgoing rates.

觅食是如何发生的？
一只蚂蚁经由一条 5–10 厘米的通道回巢，

把种子丢在通道里。种子会被
另一只蚂蚁捡起并带入
巢内。回巢的蚂蚁重新排队。

调节依赖于来自回巢觅食蚁
的反馈，它们（通过触角接触）
刺激更多的觅食蚁离开
巢穴

觅食蚁的回巢率与食物
可得性相对应：食物越多 → 回巢率
越高 → 出巢率越高

本文：提出一个关于回巢率如何影响出巢率的模型。



Methods

• Field studies conducted in Rodeo, New Mexico:
– 2009: 33 trials in 9 colonies over 8 days
– 2010: 29 trials in 8 colonies over 5 days

• Manipulated foraging rates:
– Recorded # of foragers leaving the nest
– Recorded # of foragers returning to the nest
– One person removed successful foragers (those with seeds)

• Recording for each trial was 20 minutes:
–0-240 seconds: pre-manipulation
–240-430 seconds: manipulation
–500-1100 seconds: post-manipulation

方法

• 野外研究在美国新墨西哥州 Rodeo 进行：
– 2009 年：8 天内、9 个群体，共 33 次试验
– 2010 年：5 天内、8 个群体，共 29 次试验

• 对觅食速率进行操控：
– 记录离巢觅食蚁的数量
– 记录回巢觅食蚁的数量
– 由一人移除成功的觅食蚁（携带种子的个体）

• 每次试验记录 20 分钟：
– 0–240 秒：操控前
– 240–430 秒：操控中
– 500–1100 秒：操控后



Video recording + tracking using www.antrack.org
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视频录制与追踪，使用 www.antrack.org

http://www.antrack.org


Forager return rates are Poisson

Computer the interval (time) between the return of two successive foragers.

Single trial, computed from pre-manipulation window.

Probability that the 

interval between 2 

successive returning 

foragers is > t frames

Length of interval

(1 frame = 1/30 sec.)

Blue line = real data

Red line = exponential fit; y = e-0.0326t

觅食蚁的回巢率服从泊松分布
计算两只相继回巢的觅食蚁之间的时间间隔。
单次试验，由操控前的时间窗计算得到。

蓝线 = 真实数据
红线 = 指数拟合；y = e-0.0326t两只相继回巢的

觅食蚁之间的间隔
大于 t 帧
的概率

间隔长度
（1 帧 = 1/30 秒）



First model of foraging regulation

• Linear model – rate of outgoing foragers x(t) 
depends on rate of returning foragers + constant 
base rate:

• Not sufficient because foraging rates are not uniform over every 
time interval: differs due to weather, time, colony, etc.

[rate of returning foragers]

[rate of outgoing foragers]

觅食调节的第一个模型

• 线性模型——出巢觅食蚁的速率 x(t)
取决于回巢觅食蚁的速率加上恒定的
基础速率：

[回巢觅食蚁的速率]

[出巢觅食蚁的速率]

• 这还不够，因为觅食速率并非在所有
时间区间上都一致：会因天气、时段、群体等而不同。



Improved model

• Operates in discrete time:

Rate of 

outgoing 

foragers at 

time n

Previous rate

Dn is # of outgoing foragers 

leaving the nest at time n; 

alpha decreases because 

there are fewer foragers in the 

queue; q is a parameter

An is # of returning food-bearing foragers; 

alpha increases because there’s more in 

the queue; c is a parameter

Constant decay
Baseline value: 

some foragers 

will leave even if 

no foragers 

return for a 

while.

From Figure 1

改进的模型

• 在离散时间下运行：

An 是携带食物回巢的觅食蚁数量；
alpha 增大，因为

先前的速率 队列中的蚂蚁更多；c 是一个参数

常数衰减 基准值：出巢 Dn 是在时刻 n 离巢的 有些觅食蚁觅食蚁在 觅食蚁数量； 也会离巢，即使时刻 n alpha 减小，因为 一段时间内的速率 队列中的觅食蚁变少； 没有觅食蚁
q 是一个参数 回巢。

来自图 1



Comparing the model with data
Time of high return foraging rate
(0.807 ants/sec)

Time of low return foraging rate
(0.169 ants/sec)

Input: data on return foraging rates (An)

Output: predicted outgoing foraging rates (alpha) 

by only varying c (fixed the rest) and reported best 

match.

Red line = rate of returning foragers

Blue line = actual alpha

Green line = predicted alpha

Results: 

* Sharp decrease in outgoing rate following 

removal of successful foragers (black line) when 

rate is high (A), but less so when rate is low (B).

模型与数据的比较
回巢率较高的时段　输入：回巢觅食率数据 (An)
（0.807 只蚂蚁/秒） 输出：预测的出巢觅食率 (alpha)

只改变 c（其余参数固定），并报告最佳
匹配结果。

红线 = 回巢觅食蚁的速率
蓝线 = 实际的 alpha

绿线 = 预测的 alpha

回巢率较低的时段 结果：
（0.169 只蚂蚁/秒） * 移除成功的觅食蚁后，出巢率

急剧下降（黑线）：当速率高时（A）
下降明显，速率低时（B）则不那么明显。



Outgoing rates versus level of 

activity

For each point (trial), compute the 

correlation of outgoing and 

returning foraging rates.

Blue diamonds = corr(observed 

return, predicted outgoing)

Red square = corr(observed return, 

observed outgoing)

Mean rate of returning foragers over the trial

Implies that there are other factors that govern outgoing rates, like nest 
structure and weather, that the model does not take into account.

出巢率与
活动水平

对每个点（试验），计算
出巢与回巢觅食
速率的相关性。

蓝色菱形 = corr(观测的
回巢率, 预测的出巢率)

红色方块 = corr(观测的回巢率,
观测的出巢率)

试验期间回巢觅食蚁的平均速率

这意味着还有其他因素支配着出巢率，例如巢穴
结构与天气，而模型并未把它们考虑在内。



The “anternet”

• Transmission control protocol (TCP): manages congestion and 
allows for a scalable Internet

• How to determine the available bandwidth to send a file:

– When src A sends data to dest B, it breaks the message into 
packets

– After receiving a packet, B sends ACK to A

– If ACK returns slowly (slow return rate) → little bandwidth 
available → src A throttles down (slow outgoing rate)

– If ACK returns quickly (fast return rate) → lots of bandwidth 
available → src B boosts transmission (faster outgoing rate)

“蚂蚁互联网”

• 传输控制协议（TCP）：管理拥塞，使
互联网具有可扩展性

• 如何确定发送文件时的可用带宽：
– 当源 A 向目的 B 发送数据时，它把消息

拆成数据包

– 收到一个数据包后，B 向 A 发送 ACK

– 若 ACK 返回慢（返回率低）→ 可用带宽少 →
源 A 降低发送速率（发送速率变慢）

– 若 ACK 返回快（返回率高）→ 可用带宽多 →
源 B 提高传输速率（发送速率变快）



The “anternet”

• Two more connections:

– Slow start: initially, send variably to gauge reliability/bandwidth 
prior to adjusting the outgoing rate

– Time-out: When foragers are prevented from returning to the 
nest for 20 minutes, few to no more ants leave the nest.

• Future outlook: 11,000 species of ants, each optimized for slightly 
different purposes, conditions, and environments. Many other 
algorithms to discover…

“蚂蚁互联网”

• 还有两点联系：
– 慢启动：起初以可变的速率发送，以探测

可靠性/带宽，然后才调整发送速率

– 超时：当觅食蚁被阻止返回巢穴达 20 分钟时，
几乎不再有蚂蚁离巢。

• 展望：蚂蚁有 11000 个物种，每一种都针对
略有不同的目的、条件与环境而优化。还有
许多其他算法有待发现……
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