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什么是仿真?

• 仿真 (Simulation) 是对现实世界的过程或系统随时间运行
的模拟.

• 通过手工或者计算机来完成;
• 涉及到产生一个系统的人为演变过程，以及它的观测记录;
• 得出真实系统的特性的一些推断.

• 仿真在生活中无无无处处处不不不在在在!
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什么是仿真?

图: 水的表面张力模拟 (from Ruan et al. (2021) )
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什么是仿真?

图: 使用波音787模拟机训练飞行员 (from Boeing )
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什么是仿真?

图: 机场仿真 (by Vancouver Airport Services)

[Video: https://www.youtube.com/watch?v=JuXwEbAvk2Q ]
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什么是仿真?

图: 台风模拟 ( image by Atmoz / CC BY 3.0 )
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什么是仿真?

图: 金融工程
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为什么仿真?

• 在一个真实系统上做实际的试验, 常常是代价很高甚至不现
实的.
• 它可能具有破破破坏坏坏性性性, 可能很昂昂昂贵贵贵, 可能很危危危险险险, 也可能是一些
极极极小小小概概概率率率的事件.

• 能够很好地刻画实际问题的数学模型 (mathematical model,
稍后定义) 可能非常难以求解.
• 只有在高度简简简化化化的情况下, 才能够求解.

• 借助仿真技术, 我们可以很容易地做一些改变然后观察它的
影响, 并且保持较高的保真度.
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为什么仿真?

• 仿真技术既可作为一种分分分析析析的的的工工工具具具, 也可作为一种设设设计计计的的的工工工
具具具.

1 分析的工具: 回答关于现实世界中已有系统的 “what if” 问
题.
• 例如, 为生产线换一种布局会如何? 为服务中心换一种人员
排班方式会如何? 金融系统在极端情况下会怎么样? 等等.

2 设计的工具: 在实际建造之前, 对处于设计阶段的系统进行
研究.
• 例如, 为新的运输设施、服务机构、生产系统等的设计和运
营方案进行评估.

• 仿真也是一种重要的数值方法.

• 借助图形动画技术, 仿真也是一种直观有效的展示方法.
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怎么做仿真?
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图: 仿真研究的基本流程
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模型 I 定义

• 模型, 是系统或问题的一种表示.

• 常常会引入一些关于系统工作、运行的假设和/或近似.
• 一般只考虑系统中与所研究问题有关的 (具有重要影响的)
那些方面.

• 但是, 模型必须足够精细, 以便对真实的系统或问题得出有有有效效效
的结论.

• 权衡: 简洁 vs. 准确.

• 物理模型 vs. 数学模型
1 物理模型是真实系统的一个缩小的或者放大的版本.
2 数学模型则使用符号标记与数学公式来描述系统.

• 有了模型 (无论是物理模型还是数学模型) 之后, 我们就不需
要在现实中的系统上去做实验, 研究这个模型就可以了.
• 显然, 这样更容易, 更快, 更便宜, 也更安全.

• 通常来说, 仿真模型也是一类特别的数学模型.
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åAll models are wrong,
but some are useful.

— George E. P. Box

æ

George E. P. Box (1919.10 – 2013.03) was a British statistician, who
worked in the areas of quality control, time-series analysis, design of
experiments, and Bayesian inference. He has been called “one of the
great statistical minds of the 20th century”.
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模型 I 定义

• 当一个数学模型比较简单的时候, 我们可以求解它
• 通过解解解析析析的方法, 采用代数、微积分、概率论等数学工具;
• 通过数数数值值值的方法, 借助一些计算方法来完成 (举例: 求解一元
五次方程).

• 但是, 不是所有数学模型都可以这样被求解.

• 在仿真中, 数学模型 (或者这个时候称它为仿真模型), 是
被运行出来的, 而不是被求解出来的:
• 先根据一些假设, 人为生生生成成成一些系统的演变过程;
• 然后观察系统的运行状态, 将这些观察收收收集集集起来进行分析;
• 最后估估估计计计出系统性能的一些度量.

• 从本质上来说, 运行仿真模型也可以算是一种数值方法.
• 现实问题的仿真模型可能很大很复杂, 这时候运行仿真模型
通常需要借助计算机才能实现.
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模型 I 仿真模型的类型

• 仿真模型可以分为静静静态态态模型和动动动态态态模型.

1 静态是指, 时间不在其中发挥实实实质质质性性性作用.

• 例 1 – 金融工程: 计算投资组合的回报和风险.
• 例 2 – 项目管理: 计算项目在不同策略下面的回报.
• 通常被称为蒙特卡洛 (Monte Carlo) 仿真.
• 蒙特卡洛仿真常被应用于金融工程、计算物理学等领域的复
杂数值计算.

2 动态是指, 时间确实在其中发挥实实实际际际性性性作用.

• 例 1 – 物流管理: 计算一个航站楼的效率.
• 例 2 – 服务管理: 计算不同排班策略下顾客的等待时间.
• 一般用以模拟物流、交通、服务等系统, 这些系统的状态是
自然地随着时间在改变的.
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• 例 2 – 项目管理: 计算项目在不同策略下面的回报.
• 通常被称为蒙特卡洛 (Monte Carlo) 仿真.

• 蒙特卡洛仿真常被应用于金融工程、计算物理学等领域的复
杂数值计算.

2 动态是指, 时间确实在其中发挥实实实际际际性性性作用.

• 例 1 – 物流管理: 计算一个航站楼的效率.
• 例 2 – 服务管理: 计算不同排班策略下顾客的等待时间.
• 一般用以模拟物流、交通、服务等系统, 这些系统的状态是
自然地随着时间在改变的.
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模型 I 仿真模型的类型

图: Monte Carlo 赌场 (photo by Cristian Lorini / CC BY-SA 3.0 )
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模型 I 仿真模型的类型

• 仿真模型可以分为确确确定定定模型的和随随随机机机模型.

1 确定是指, 所有东西都是已知且确确确定定定的.

• 例如, 病人都按照准确的约定时间到达, 每个病人的看病时间
都是固定的, 病人在各个科室之间转移也都是事先确定的.

2 随机是指, 存在一些不不不确确确定定定的因素.

• 例如, 到达时间和服务时间可能是随机的, 且/或病人在科室
之间的转移是有随机性的.

• 随机性仿真模型在实际中的应用远多于确定性仿真模型 (因
为现实世界中的系统, 或多或少, 都存在随机性.)
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模型 I 仿真模型的类型

• 仿真模型可以分为离离离散散散模型的和连连连续续续模型.

1 离散是指, 系统状态只在离离离散散散的的的时时时间间间点点点上发生改变.

• 例如, 银行中的客户数量, 只在有客户到达或离开的那一刻,
才会发生改变 (左图).

2 连续, 是指系统状态随时间连连连续续续地地地变变变化化化.

• 例如, 大坝后面的水位, 在一段时间里面是连续地变化的 (右
图).Introduction to Simulation
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Figure 1 Discrete-system state variable.

developed unless the purpose of the study is known. Depending on the purpose, various aspects of
the system will be of interest, and then the listing of components can be completed.

8 Discrete and Continuous Systems

Systems can be categorized as discrete or continuous. “Few systems in practice are wholly discrete or
continuous, but since one type of change predominates for most systems, it will usually be possible
to classify a system as being either discrete or continuous” [Law, 2007]. A discrete system is one in
which the state variable(s) change only at a discrete set of points in time. The bank is an example
of a discrete system: The state variable, the number of customers in the bank, changes only when
a customer arrives or when the service provided a customer is completed. Figure 1 shows how the
number of customers changes only at discrete points in time.

A continuous system is one in which the state variable(s) change continuously over time. An
example is the head of water behind a dam. During and for some time after a rain storm, water flows
into the lake behind the dam. Water is drawn from the dam for flood control and to make electricity.
Evaporation also decreases the water level. Figure 2 shows how the state variable head of water
behind the dam changes for this continuous system.
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Figure 2 Continuous-system state variable.

12

图: 离散的状态 (from Banks et al. (2010) )
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developed unless the purpose of the study is known. Depending on the purpose, various aspects of
the system will be of interest, and then the listing of components can be completed.

8 Discrete and Continuous Systems

Systems can be categorized as discrete or continuous. “Few systems in practice are wholly discrete or
continuous, but since one type of change predominates for most systems, it will usually be possible
to classify a system as being either discrete or continuous” [Law, 2007]. A discrete system is one in
which the state variable(s) change only at a discrete set of points in time. The bank is an example
of a discrete system: The state variable, the number of customers in the bank, changes only when
a customer arrives or when the service provided a customer is completed. Figure 1 shows how the
number of customers changes only at discrete points in time.

A continuous system is one in which the state variable(s) change continuously over time. An
example is the head of water behind a dam. During and for some time after a rain storm, water flows
into the lake behind the dam. Water is drawn from the dam for flood control and to make electricity.
Evaporation also decreases the water level. Figure 2 shows how the state variable head of water
behind the dam changes for this continuous system.
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图: 连续的状态 (from Banks et al. (2010) )
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which the state variable(s) change only at a discrete set of points in time. The bank is an example
of a discrete system: The state variable, the number of customers in the bank, changes only when
a customer arrives or when the service provided a customer is completed. Figure 1 shows how the
number of customers changes only at discrete points in time.

A continuous system is one in which the state variable(s) change continuously over time. An
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into the lake behind the dam. Water is drawn from the dam for flood control and to make electricity.
Evaporation also decreases the water level. Figure 2 shows how the state variable head of water
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模型 I 仿真模型的类型

• 小结: 仿真模型, 可以分为静静静态态态的或动动动态态态的, 确确确定定定的或随随随机机机
的, 离离离散散散的或连连连续续续的.

• 对于绝大多数的经营决策类的问题, 适用的仿真模型是动态
的、随机的、离散的.
• 这类仿真一般称之为离散事件系统仿真 (Discrete-Event

System Simulation).
• 它是本课程的主要关注点.
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1 什么是仿真?

2 为什么仿真?

3 怎么做仿真?

4 模型
I 定义
I 仿真模型的类型

5 示例
I 估计 π: 布丰投针
I 估计 π: 随机点
I 数值积分∗

I 系统失效时间

6 物流与供应链系统建模与仿真
I 定义
I 特点
I 仿真的优势
I 常用仿真软件

7 数字孪生
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示例 I 估计 π: 布丰投针

• 数学常数 π 的原始定义为圆周和直径的比值.

C

d

diameter

π =
circumference

diameter
= 3.14159 26535 . . .

• 在人类历史中, 计算 π 曾被视为一个非常难的问题.
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示例 I 估计 π: 布丰投针

• 最早的关于 π 估计的记载:
• 巴比伦: 泥板 (1900–1600 BC), π ≈ 25

8 = 3.125;
• 埃及: 莱因德纸草书 (1650 BC, 1850 BC),
π ≈ ( 169 )2 = 3.160 . . ..

图: 阿基米德 (287–212 BC)
( Source/Photographer )

223
71 < π < 22

7
223
71 = 3.1408...
22
7 = 3.1428...

图: 刘徽 (魏晋时期, 225–295 AD)

π ≈ 3.1416

图: 祖冲之 (南北朝时期, 429–500
AD) ( statue image by 三猎 / CC BY 4.0 )

π ≈ 355
113 =

3.14159 292...
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示例 I 估计 π: 布丰投针

• 布丰投针 (Buffon’s Needle)
• 布丰 (Buffon), 一位法国数学家, 在1733 (1777) 年做了一个
静态仿真实验 (手动), 它可被用于估计 π.

• 将一根长度为 l 的细针随机地扔到画有平行线 (距离为 d)
的地面上, 其中 l < d.

• 假设针具有相相相等等等的的的可可可能能能性性性落于地面任何地方.

• P(针穿过某条直线) =
2l

πd
.
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示例 I 估计 π: 布丰投针

• 如果布丰重复该实验 n 次 (即, 扔 n 根针), 令 h 为穿过直
线的针的数量, 那么,

P(针穿过某条直线) =
2l

πd
≈ h

n
.

• 因此, π ≈ 2ln

dh
.

• 令 d = 2l, 那么 π ≈ n/h.

• 随着 n 变大, 这个近似将变得
越来越精确.

• 试一试!
https://mste.illinois.edu/activity/buffon

http://datagenetics.com/blog/may42015/index.html

图: 一个计算机模拟 (by Jeffrey Ventrella )

[Video: https://www.youtube.com/watch?v=kazgQXaeOHk ]
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示例 I 估计 π: 随机点

• 现在考虑用另外一种仿真方法来估计 π.

• 随机地将 n 个点扔到一个正方形里.

• 假设这些点具有相相相等等等的的的可可可能能能性性性落于正方形内的任何地方.
• 令 h 表示落于扇形区域的点的个数.

�

图: 计算机仿真 ( image by nicoguaro / CC BY 3.0 )

• P(点在扇形中) =
扇形面积

正方形面积
=
πd2/4

d2
≈ h

n
. ⇒ π ≈ 4h

n
.

• 访问 https://xiaoweiz.shinyapps.io/calPi 进行交互.
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示例 I 数值积分∗

• 考虑一个数值积分 (numerical integration)
∫ b
a f(x)dx.

• 梯形法
1 将区域分割为 n 部分.
2

∫ b

a
f(x)dx ≈ A1 +A2 + · · ·+An.

• 蒙特卡洛法 (右图)
1 随机在 [a, b] 上采样 n 个点, 服从 uniform(a, b) 分布.

2
∫ b

a
f(x)dx ≈ b−a

n [f(X1) + f(X2) + · · ·+ f(Xn)].

• 当问题的维度很高时, 蒙特卡洛法将会更加高高高效效效! (例如, 当
d 很大时, 计算

∫
[a, b]d f(x)dx.)
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示例 I 数值积分∗

• 回顾之前的数值积分问题
∫ b
a f(x)dx.

• 令 f(x) =
√
1− x2, a = −1, b = 1.

• 于是,
∫ 1
−1

√
1− x2dx = π/2.

• 所以我们有了另外一种采用蒙特卡洛仿真估计 π 的方法 (给
定我们知道如何计算平方根).
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示例 I 系统失效时间

• 考虑如下的一个系统:
• 两个部件, 一个处于工作状态, 一个备用, 因此如果两个部件
同时失效将导致系统失效.

• 假设下一次发生部件失效的时间是随机的 (当至少有一个正
常部件时), 服从一个我们已知的分布, 且我们已知道如何生
成它.

• 简单起见, 假设该时间间隔为等可能性的 1, 2, 3, 4, 5 或 6 天
(无记忆).

• 修理一个部件耗时恰好为 2.5 天 (一次只能修理一个).

• 关于系统失效时间, 我们能说些什么?

• 让我们来手动运行一个仿真!
• 以系系系统统统状状状态态态来指正常的部件的数量 (2, 1 或 0).
• 可能发生的事事事件件件为部件失效和修理完成.
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示例 I 系统失效时间

事件表
时钟 系统状态 下次失效 下次修复

0 2

0 + 5 = 5 ∞
5 1

5 + 3 = 8 5 + 2.5 = 7.5
7.5 2 8 ∞
8 1 8 + 6 = 14 8 + 2.5 = 10.5

10.5 2 14 ∞
14 1 14 + 1 = 15 14 + 2.5 = 16.5
15 0 ∞ 16.5

• 可以观察到:
• 由正常至失效的时间 = 15
• 平均正常部件的数量 =

1
15−0 [2(5− 0) + 1(7.5− 5) + 2(8− 7.5) + 1(10.5− 8) + 2(14− 10.5) + 1(15− 14)]

= 24
15• 一些问题:

• 如何处理仿真中的随机性?
• 如何生成部件下次失效的时间间隔 (没有前面的强假设)?
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示例 I 系统失效时间

事件表
时钟 系统状态 下次失效 下次修复

0 2 0 + 5 = 5 ∞
5 1 5 + 3 = 8 5 + 2.5 = 7.5
7.5 2 8 ∞
8 1 8 + 6 = 14 8 + 2.5 = 10.5
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14 1 14 + 1 = 15 14 + 2.5 = 16.5
15 0 ∞ 16.5
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物流与供应链系统建模与仿真 I 定义

• 物流系统是指在一定的时间和空间里, 由物资、包装设备、
装卸搬运机械、运输工具、仓储设施、人员和通信联系等若
干相互制约的动态要素所构成的具有特定功能的有机整体.

• 生产企业物流系统可细分为供应物流、生产物流、销售物
流、回收和废弃物流等.

• 供应链是一个由相互间通过提供原材料、零部件、产品、服
务的制造商、供应商、分销商、零售商和最终用户组成的功
能网络.
• 主要包括信息流、物流、资金流.

• 对物流与供应链系统的管理和优化, 是企业提高效率和竞争
力的关键手段之一.
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物流与供应链系统建模与仿真 I 特点

• 物流与供应链系统是典型的复杂随机离散系统, 通常具有如
下特点:
• 不确定性 (随机性)
• 非线性
• 复杂性
• 适应性
• 动态性

• 物流与供应链系统的数学模型, 只有在引入大量的假设和简
化之后, 才可能被求解.
• 可用以刻画系统动态特性, 提供管理学启示;
• 但不适用于具体的参数和策略的评价和选择.
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物流与供应链系统建模与仿真 I 仿真的优势

• 利用编程语言或商业仿真软件, 可以建立足够贴近实际的物
流与供应链系统仿真模型:
• 更准确地对系统性能进行定量评估;
• 进行全局 (整体) 优化;
• 将系统可视化, 便于展示和理解.

• 常见应用领域:
• 物流系统布局配置和业务流程设计
• 供应链结构分析与评估
• 服务系统设计与优化
• 库存管理与控制
• 物流运输调度与路径选择
• 物料、人力成本估算
• ......
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物流与供应链系统建模与仿真 I 常用仿真软件

• AnyLogic https://www.anylogic.com

• Arena https://www.arenasimulation.com

• AutoMod
https://www.appliedmaterials.com/automation-software/automod

• Plant Simulation (前身 eM-Plant)
https://www.plm.automation.siemens.com/products/tecnomatix

• Enterprise Dynamics https://www.incontrolsim.com

• ExtendSim https://www.extendsim.com

• FlexSim https://www.flexsim.com

• Simio https://www.simio.com

• Witness https://www.lanner.com
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数字孪生

• 仿真模型 =⇒ 数字孪生
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the disparate disciplines. The aim of this paper is to provide a categorical literature review of the DT in 

manufacturing and to classify existing publication according to their level of integration of the DT. 

Therefore, it is distinct between Digital Model (DM), Digital Shadow (DS) and Digital Twin. The results 

are showing, that literature concerning the highest development stage, the DT, is scarce, whilst there is 

more literature about DM and DS. 
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

1. INTRODUCTION 

In today’s highly competitive markets, where mass 
customization of products and a rising importance of 

software components are presenting new challenges: 

digitalization in manufacturing is seen as an opportunity to 

achieve higher levels of productivity. (Uhlemann et al. 

2017b) The digital technologies, also known as Industry 4.0 

technologies, allow easy integration of interconnected 

intelligent components inside the shopfloor. (Negri et al. 

2017) These technologies allow a remotely sense, real-time 

monitoring and control of devices and cyber physical 

production elements across network infrastructures and 

therefore provide a more direct integration and 

synchronization from the physical to the virtual world. (Negri 

et al. 2017; Lee et al. 2015) 

The use of digitalization technologies enabled virtual product 

and process planning. The resulting large amounts of data are 

processed, analysed and evaluated by simulation and 

optimization tools in order to be able to make them available 

for planning in real time.(Boschert, Rosen 2016)  

One of these simulation based planning and optimization 

concepts with great potential in many industrial fields is the 

Digital Twin. (Tao et al. 2017) It is the virtual and 

computerized counterpart of a physical system. A Digital 

Twin can be used to simulate it for various purposes, 

exploiting a real time synchronization of the sensed data 

originating from the field-level and is able to decide between 

a set of actions with the focus to orchestrate und execute the 

whole production system in an optimal way. (Negri et al. 

2017; Uhlemann et al. 2017b; Rosen et al. 2015) These 

results in a higher efficiency, accuracy and gains economic 

benefits in the production. (Negri et al. 2017) 

Based on a comprehensive and systematic literature research, 

this paper discusses the concept of the Digital Twin in the 

context of production science. The aim is to provide a holistic 

overview of the key enabling technologies, areas of 

application in which a Digital Twin is implemented, and the 

general level of integration of the individual case-studies and 

concepts currently used in scientific work. Above all, the 

technologies used and the level of integration and current 

maturity of Digital Twins are a major focus of the 

investigation. This paper serves as the basis for further work 

in the field of the Digital Twin in manufacturing. 

The remainder of the paper is structured as follows: Within 

section 2 the Digital Twin and its different levels of 

integration are defined. In section 3, the methodology of the 

literature classification is presented The outcome of the 

literature categorization is discussed within section 4 and 

finally, the paper is concluded within section 5. 

2. DEFINITION & METHODOLOGY 

The aim of this paper is to provide a literature review with a 

categorization of the different contributions related to the 

Digital Twin. They are categorized in terms of their levels of 

integration, their focused area and the technologies used. 

Therefore, this section discusses the academic and theoretical 

definition of the Digital Twin concept and its different levels 

of integration, followed by an overview of the fields of 

observation in context to manufacturing and the key digital 

technologies. 

2.1 Digital Twin 

Whilst physical twins have been around for some time, the 

first definition of a concept nowadays known as the Digital 

Twin was made in 2002 by Michael Grieves in the context of 

an industry presentation concerning product lifecycle 

management (PLM). The Digital Twin in its original form is 

described as a digital informational construct about a physical 

system, created as an entity on its own and linked with the 

physical system in question. The digital representation should 

optimally include all information concerning the system asset 
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application in which a Digital Twin is implemented, and the 
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concepts currently used in scientific work. Above all, the 

technologies used and the level of integration and current 

maturity of Digital Twins are a major focus of the 

investigation. This paper serves as the basis for further work 
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The remainder of the paper is structured as follows: Within 

section 2 the Digital Twin and its different levels of 

integration are defined. In section 3, the methodology of the 

literature classification is presented The outcome of the 

literature categorization is discussed within section 4 and 

finally, the paper is concluded within section 5. 
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section 2 the Digital Twin and its different levels of 

integration are defined. In section 3, the methodology of the 

literature classification is presented The outcome of the 

literature categorization is discussed within section 4 and 

finally, the paper is concluded within section 5. 
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2017) These technologies allow a remotely sense, real-time 

monitoring and control of devices and cyber physical 

production elements across network infrastructures and 

therefore provide a more direct integration and 
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et al. 2017; Lee et al. 2015) 

The use of digitalization technologies enabled virtual product 

and process planning. The resulting large amounts of data are 

processed, analysed and evaluated by simulation and 

optimization tools in order to be able to make them available 

for planning in real time.(Boschert, Rosen 2016)  

One of these simulation based planning and optimization 

concepts with great potential in many industrial fields is the 

Digital Twin. (Tao et al. 2017) It is the virtual and 

computerized counterpart of a physical system. A Digital 

Twin can be used to simulate it for various purposes, 

exploiting a real time synchronization of the sensed data 

originating from the field-level and is able to decide between 

a set of actions with the focus to orchestrate und execute the 

whole production system in an optimal way. (Negri et al. 

2017; Uhlemann et al. 2017b; Rosen et al. 2015) These 

results in a higher efficiency, accuracy and gains economic 

benefits in the production. (Negri et al. 2017) 

Based on a comprehensive and systematic literature research, 

this paper discusses the concept of the Digital Twin in the 

context of production science. The aim is to provide a holistic 

overview of the key enabling technologies, areas of 

application in which a Digital Twin is implemented, and the 

general level of integration of the individual case-studies and 

concepts currently used in scientific work. Above all, the 

technologies used and the level of integration and current 

maturity of Digital Twins are a major focus of the 

investigation. This paper serves as the basis for further work 

in the field of the Digital Twin in manufacturing. 

The remainder of the paper is structured as follows: Within 

section 2 the Digital Twin and its different levels of 

integration are defined. In section 3, the methodology of the 

literature classification is presented The outcome of the 

literature categorization is discussed within section 4 and 

finally, the paper is concluded within section 5. 
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categorization of the different contributions related to the 

Digital Twin. They are categorized in terms of their levels of 

integration, their focused area and the technologies used. 

Therefore, this section discusses the academic and theoretical 

definition of the Digital Twin concept and its different levels 

of integration, followed by an overview of the fields of 

observation in context to manufacturing and the key digital 

technologies. 

2.1 Digital Twin 

Whilst physical twins have been around for some time, the 

first definition of a concept nowadays known as the Digital 

Twin was made in 2002 by Michael Grieves in the context of 

an industry presentation concerning product lifecycle 

management (PLM). The Digital Twin in its original form is 

described as a digital informational construct about a physical 

system, created as an entity on its own and linked with the 
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如今的数字孪生以前的仿真模型

图: 仿真模型与数字孪生的区别 (from Kritzinger et al. (2018) )

• 数字孪生的特点:
• 对物理对象的各类数据进行集成, 是物理对象的忠实映射;
• 存在于物理对象的全生命周期, 与其共同进化，并不断积累
相关知识;

• 不仅能够对物理对象进行描述, 而且能够基于模型优化物理
对象.
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数字孪生

• 数字孪生在智能制造 (智能工厂) 中的应用
• 为物理实体 (实体孪生体) 建立高保真的数字孪生体, 可实时
双向交互数据和指令;

• 当物理世界中条件发生变化时, 在数字世界中自动地尝试比
较不同应对方案 (资源组织配置、生产工艺参数、物流调度
等), 找出最优方案;

• 将最优方案返回至物理世界, 并自动控制物理实体进行执行.
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数字孪生

• 数字孪生在智能制造 (智能工厂) 中的应用

物理实体 数字孪生体
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数字孪生

• 优化算法是数字孪生体的大脑!

数据、信号输入接口
（标准、协议）

数字孪生软件

生产单元

物流单元

物理实体

第三方数据分析工具接口

建模+可视化
（实时3D仿真动画）

模型更新

方案仿真评估

数字孪生体

内置数据分析工具
• 确定仿真模型参数
• 生产预测，提前决策

第三方优化算法接口

最优化的决策
• 资源组织配置
• 生产参数
• 物流调度
• ……

控制指令输出接口
（标准、协议）

内置优化模型+算法
• 运筹优化算法
• 仿真优化算法
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