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珠峰学报

钱院学辅

江城子·交大校庆

曲圣

败军甲午震全京。

沪滨兴，上庠(1)生。

扶世济民，无士为功名。

千百师生随诏令，瞻兴庆，定征程。

秦山渭水亦含情。

借东风(2)，绽红樱(3)。

建业百年，日日有佳声。

欲问华章何处续，新港建，更西行。

(1)上庠：古代学堂
(2)东风：表面指春风，深层指新中国改革建设的风。
(3)红樱：表面指交大樱花，深层指交大创造的成果。
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贺新郎·在交大的这几年

李君一

记当时、孤蓬北上，浑如风絮。

不解云台如何向，又恨此身孰遇。

此般我、人间无数。

君视流萤犹作月，半顷光、敢拒千年暮。

明与否，何须顾。

往来秋过先生语：

想平生、在乾坤里，与俗名恶。

须记山高天无限，月挂中空谁取。

正当下、荧荧如炬。

别后还知深深意，念君时、身向荒芜去。

擎石者，将天补。

江城子 •颂西迁
李君一

烟横古戍锁秦川。

镐京孱。望西迁。

夫子先生、亲赴解棋残。

定式腾挪封险象，经甲子，复收官。

沙坡从此贯长安。

柳争妍。引蝶穿。

金色梧桐、时下正当年。

应是落红惜我辈，须饮水，且思源。
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热土由东至西往

——兼为西安交通大学校庆祝福

朱凯阳

梧桐落后，樱花开了。

绸缎般的柔软和琳琅的美，

流转在咸宁西路的某处。

如今四海的朋友在四季里相聚，

弦歌自钱学森的年代飘来，

溢满九个书院。瘦小的红船

总摇荡着它巍峨的故事，在一片

土地，青年人们学了去。曾经

热土由东奔赴西，在中华西北

——三秦的土地上，扎根。

渭河水倒映出整个世界的明月光，

从此，长安有了新一种传承。

有时我们称之为西迁，有时

我们称之为自己。

而你知道，

午夜也兜不住流萤，

秋水也盈不满我们将至的远方。

庆祝西安交通大学校庆

支光远

发扬文理仙交处，

励志精读机电书。

立校衷情心不改，

强国血性色如初。

研学济世千家幸，

断垄开封万户福。

此地钟灵英荟萃，

人杰磨戟报千夫。

作者信息

曲圣 西安交通大学智电钱 2101班学生，东亭诗社成员。
李君一 西安交通大学统计 2101班学生，东亭诗社成员。
朱凯阳 西安交通大学贸易经济专业 22级学生，东亭诗社副社长，兼新诗部部长。
支光远 西安交通大学能动 2318班学生，东亭诗社成员。
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《珠峰学报》征稿启事

《珠峰学报》编辑部

关于《珠峰学报》

《珠峰学报》是 2019年由钱院学辅成员和钱院各
班级同学积极筹办的，从整个钱学森学院乃至全校同

学中征稿。2021年春，《珠峰学报》的征稿范围扩大
至全国重点高校的本科生，以促进各个学校之间的学

术与生活交流。《珠峰学报》之名来自于钱院各基础

学科试验班所参与的教育部人才培养计划——「珠峰

计划」，杂志的定位是：完全由学生主导、面向国内

重点高校同学的综合创新学术刊物，以促进各兄弟院

校的学术与生活交流。期刊将由全校最顶尖的学生排

版团队进行设计与排版，同时发布电子版与打印版：

电子版 PDF文件直接发布于钱院学辅信息站的专栏
页面（https://qyxf.site/zhufeng），打印版则在校内
定点发放。

板块说明

我们主要按以下三大板块发布作品，文章可以是

中文或英文，且允许有多位作者。

â 扬帆 分享同学们在校园竞赛、社团方面的经

验与体会；

â 砥砺 发布同学们的科研、学术创新成果，是

《珠峰学报》的主要版块；分为「砥砺-自然」和
「砥砺-社科」两个子版块；

â 俯仰 展示同学们在学业之外的日常思考、感

受。

此外，在每一期中可能会安排不同主题的专栏，

以响应重大社会事件与活动。以下通过若干例子展示

各个版块接收的文章类型：

砥砺 Diving
. 科研训练、课外探究等的学术作品、学术写作

等；

. 具有一定深度的课程小论文与大作业；

. 关于自己所在学科前沿问题的报道、综述、思

考；

. 简单应用课程知识思考、解决生活中的问题。

扬帆 Sailing
. 学科竞赛、科技竞赛的参赛经历、经验分享；

. 出国交流的经历介绍、经验分享；

. 社会实践、课外文艺活动等的成果分享；

. 科研训练中信息检索、仿真工具、实验技巧等

的经验分享；

. 托福、雅思、GRE等标化考试的备考经验。

俯仰 Musing
. 文学创作、日常思考等内容；

. 对课程安排、课程教学方式、课余活动等的思

考、意见；

. 对身边优秀同学、老师的观察、记录与采访。

投稿流程与要求

《珠峰学报》的主要征稿对象为全国各重点高校

的本科生。在确认个人信息后，我们也接受全国各重

点高校的在校研究生、在校任教老师等的投稿。

除纯粹的文学作品之外，要求所有稿件的作者使

用真实署名，并在提交稿件时附上自己的学校和班级

信息。登载的文章默认采用 CC BY-NC 4.0协议授权，
以保护著作权利；如有特殊要求，请在投稿时说明。

稿件审理流程

1. 投稿《珠峰学报》全年征稿。请通过审稿总部
邮箱 qianyuanxuefu@163.com投递邮件，将邮
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件主题设定为「《珠峰学报》投稿：意向板块 +
文章题目」（如「《珠峰学报》投稿：砥砺 +有
关 xx 现象的研究」），在邮件正文中列出所有
作者，及您的常用的联系方式，如手机号码或

QQ 等，并将作品文件作为附件发送。初步投
递稿件时，可发送Word文档、PDF文档等易
于批注的文件格式。

2. 审稿及修改 稿件提交后，经过编辑和审稿人

员的审核，将格式或内容修改建议反馈给您；若

您的稿件审理意见为「需要修改」，则请您结合

审稿人的意见处理稿件，再次通过邮箱回复给

审稿人员。同时，为尽快完成审稿流程，如无

特殊情况，请您在一周之内给出修改稿件的回

复。

3. 接收 若经多次修改后，稿件审理意见为「完

全接收」，请您将最终的稿件以Word、LATEX等
可以编辑的格式提交到审稿总部，编辑将进行

排版、校对。

4. 发布 在当期工作完成之后，我们将通过线上、

线下平台发布《珠峰学报》，并通过邮箱联系

您，进行奖励发放。

在投稿周期中，请经常检查您的邮箱，与我们保

持联系！

学术诚信守则

本刊物要求：所有学术类稿件都应遵守基本的学

术诚信原则。具体而言，应做到以下几点：

1. 在使用他人的成果，以及自己的已发表成果时，
须详细注明出处，使用引用标记（引号、文体

变化等）明确表明对他人内容的引用。若在本

次投稿时使用之前已作为课程论文、大作业等

已提交过的作品，需说明之前的提交情况。

2. 参考文献原则上使用 GB/T 7714-2015 标准填
写（英文作品可以APA、MLA等国际通行引用
格式，但注意一篇文章中的参考文献格式需统

一）；建议采用 CNKI 等文献工具直接导出对
应记录（而非自行撰写）。如文中仅引用了一

般性质的网络资源（如博客、日志、新闻等），

可以只用较为简明的方式标出引用资料，但需

给出真实有效的 URL及访问时间。

另外，所有投稿作品均需符合社会主义核心价值

观，积极正向的要求。

不符合以上基本要求的作品，《珠峰学报》编辑

部将不予处理。

投稿奖励

作者的投稿在推动学术规范写作、科研知识推广

与实践经验分享等方面具有重大作用与贡献，我们承

诺：将根据排版完成后正文的最终版面数，对每一份

发布于《珠峰学报》上的作品发放电子版稿件收录证

明与稿件补助，补助标准为：

â 视文章内容与质量，中文每 2000字 20元到 30
元，英文每 700词 20元到 30元（上限每篇 150
元）。

â 作为礼品，我们将向每位入选的作者赠送一本

当期的纸质版《珠峰学报》。

尾声

一学期很短，而大学生活的四年与之相比甚至还

要更短；在有限的时间之中，我们与你一样，追逐着

平凡而伟大的梦想。你的梦想，由你自己抒写；我们

的梦想，则需要与你一样的众多同学一同参与，一同

为之付出辛劳，并在未来一同收获丰硕的果实。

长风破浪会有时，直挂云帆济沧海。

感谢你对于《珠峰学报》与钱院学辅的支持，并

祝愿你的远大前程与《珠峰学报》一同起航，驶向无

垠的天际！

注：本启事将实时发布于

https://qyxf.site/zhufeng/call-for-papers
你可以访问、收藏这一页面。
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《珠峰学报》招募启事

《珠峰学报》编辑部

关于《珠峰学报》

《珠峰学报》的前身是由西安交通大学数学试验

班自主管理委员会创办的《珠峰报》（创刊于 2017
年）与《东经 109》（创刊于 2018年）。2019年，两
份刊物的主创人员即将毕业，钱院学辅成员和钱院各

班级同学积极组建编委会（下属审稿部与编辑部），

筹办《珠峰学报》，从整个钱学森学院乃至全校同学

中征稿。2021年春，《珠峰学报》将征稿范围扩大至
全国重点高校的本科生，以促进各个学校之间的学术

与生活交流。《珠峰学报》之名来自于钱院各基础学

科试验班所参与的教育部人才培养计划——「珠峰计

划」，杂志的定位是：完全由学生主导、面向国内重

点高校同学的综合创新学术刊物，以促进各兄弟院校

的学术与生活交流。期刊将由全校最顶尖的学生排版

团队进行设计与排版，同时发布电子版与打印版：电

子版 PDF文件直接发布于钱院学辅信息站的专栏页
面（https://qyxf.site/zhufeng），打印版则在校内定
点发放。

部门介绍

《珠峰学报》主要分为两个部门：编辑部和审稿

人团，由一位主编和两位副主编管理。《珠峰学报》仿

照国内外期刊的运行惯例，规定各个部门的责任及工

作。

编辑部

编辑部的主要工作是监督稿件质量和排版，是

《珠峰学报》工作的重点。作者来稿后，主编将文章

转发编辑，每位编辑都需要将自己所负责的稿件进行

以下流程：

初步检查来稿的格式及内容是否符合规范

编辑应初步检查格式及内容是否符合规范。若

格式有问题，如参考文献引用不当、图片不清晰、语

句不通顺等，需向作者提出初步格式修改意见；若内

容有问题，如违背社会主义核心价值观、体裁不符等，

需与主编协商后拒稿。

联系并督促审稿人检查内容

待投稿文章的格式和内容初步符合规范后，联系

一位与该文章相关的审稿人，询问是否有时间审稿。

如果有，则将待审稿件转交审稿人，并监督审稿进度，

直至审稿流程结束。

文章排版

若文章的审稿结论为「完全接收」，编辑需按照

《珠峰学报》排版规范，使用 LATEX对文章进行排版。

审稿人团

审稿人团的主要工作是负责稿件的内容质量，是

《珠峰学报》工作的核心。每位审稿人都应具备至少

一个领域的学术视野，在同意编辑的审稿邀请后，均

需按照《珠峰学报》审稿规范，对文章进行审核，若

不合格需联系作者反复修改，直至「完全接收」。

主编和副主编

主编和副主编的主要工作是，制定《珠峰学报》

的运营规范，整理每一期《珠峰学报》的文章，同时

确保《珠峰学报》运营流程的实施。

部门奖励机制

每一期发表后，将统一对《珠峰学报》的各个成

员发放工作奖励。

编辑

编辑算作钱院学辅干事，出刊后发放工时，根据

出刊后负责文章数量统计，每篇文章 6-10个工时，统
计好后提交给学辅负责人。

审稿人

以一位审稿人负责的一篇文章为一个单位，视工

作质量，评出甲、乙、丙三个等级，分别对应发放 60、
40、20 元，审稿但未接收折扣为 90%。西安交通大
学本科在校生可申请将工资换算成工时发放。

招募要求

编辑部招募要求

欢迎西安交通大学所有在校本科生有志于与

《珠峰学报》一起成长、提升自身学术素养、文字修

养、论文排版能力的同学加入编辑部，需提供信息：
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班级、学号及联系方式（QQ 及电话）。会 LATEX 排
版的同学优先。加入编辑部后将统一组织排版、稿

件处理规范等工作培训。

审稿人团招募要求

欢迎西安交通大学所有年级（本硕博不限）的同

学加入(1)，需提供信息：学校、年级、联系方式（QQ
及电话）、能够审稿的领域，以及本人在该领域的代

表性文章一篇（课程论文、毕设论文或正式期刊论文

等均可）。有科研工作经历的同学优先。

请有意向者，以「《珠峰学报》招募-部门：姓名」
为主题（如「《珠峰学报》招募-编辑部：张三」），将需要

提供的信息发至《珠峰学报》官方邮箱：qianyuanx-
uefu@163.com。

后记

《珠峰学报》为同学们提供了难得的体验期刊工

作流程的机会。加入《珠峰学报》，无论是掌握 LATEX
排版、熟悉审稿流程，还是与作者讨论文章修改意见，

都对未来的学术工作大有帮助。

《珠峰学报》诚邀您的加入！

《珠峰学报》愿同您一起成长！

(1)注：《珠峰学报》与大学生基础科学联合学术论坛保持合作。若非西安交通大学学生，也可通过参加该论坛的活动，经审核后加入
审稿人团。
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文章速览

《珠峰学报》编辑部

该板块是部分作者提供的文章通俗介绍，旨在让读者快速了解文章的目标、结构、思路，快速定位到自

己感兴趣的文章详细阅读，并有助于读者更加深入地理解论文，特展示于此。以下材料均来自于论文对应的

作者。此外还有很多优质的文章供读者阅读。

1基于热电比拟的二位热传导
虚拟仿真实验的开发

作者：郝瑞霆，应雨倩，刘明阳

本文开发了“热电比拟”虚拟仿真教学实验平

台。该平台可作为解决二维热传导问题的通用工具，

具备灵活的交互性、丰富的功能、强大的扩展性以及

高度的仿真精度等优势，有效帮助突破传统实验对硬

件数量和规模的限制。基于热电比拟基本原理，本文

推导建立了二维稳态导热物体等效电路，并实现了等

温、对流、绝热、界面连续边界条件的求解此外，还

添加了节点热平衡方程列写、数据导出等教学辅助功

能，有助于加深学生对实验原理的理解。通过将本实

验仿真获得的二维墙角导热热平衡偏差与 Fluent软
件进行对比，表明本实验具有较高的准确度。自 2023

年 3 月设计开发完成以来，该虚拟仿真实验已经在
本院 2 个班级完成授课，即将面向全校传热学课程
实验授课。

2从言与意的张力谈对《庄子》
的阅读体认

——以庄惠“濠梁之辩”寓言

为例

作者：焦成城

言意关系是庄子哲学的重要议题，通过对《庄子》

文本的分析，本篇文章认为庄子并非完全反对一切言

语，而是强调语言的界限，突出从“言不尽意”这一

现实境遇出发，经由“得意忘言”的实现路径，最终

朝向超越“言意”的达道境界这三重逻辑。
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基于热电比拟的二位热传导虚拟仿真实验的开发

郝瑞霆，应雨倩，刘明阳

摘要

针对热电比拟实验教学环节受限于电路耗材数量和规模导致的实验内容灵活性差、难以拓展问题，基

于热电比拟基本原理，建立了含有等温、对流、绝热、界面连续边界条件二维稳态导热物体等效电路，

开发了热电比拟虚拟仿真教学实验，实现了本校该教学实验中等温与对流边界的模拟。此外，实验还

添加了节点热平衡方程列写、数据导出等教学辅助功能，有助于加深学生对实验原理的理解。将本实

验仿真获得的二维墙角导热热平衡偏差与 Fluent软件进行了对比，表明本实验具有较高的准确度。新
开发的虚拟仿真实验自 2023年 3月设计开发完成以来，目前已经在本院 2个班级完成授课，即将面
向全校传热学课程实验授课。

关键词：热电比拟 传热学 实验教学 虚拟仿真 导热

1引言

传热学是能源动力类专业的基础课程，而导热问

题是传热学教学中的重点内容之一。对于形状、边界

条件复杂的固体导热问题，通常难以求得温度场分布

精确的解析解，而将热电比拟法应用于这类问题可以

对分析和求解过程进行极大的简化 [1]。热电比拟法
利用导热与导电过程的相似性，根据差分方程建立与

原物体等效的电路网络，间接求解物体内部温度场。

从教学应用角度，传统的热电比拟实验教学在很大程

度上受限于实验耗材的数量和规模。将仿真软件与热

电比拟原理相结合，则可以摆脱耗材的限制，允许使

用者自行设计图形并输入参数。将仿真软件应用到教

学中，可以加强学生对热电比拟基本原理的理解和应

用，培养学生的研究和探索能力 [2]。

运用热电比拟原理，胡申华 [3]采用 Excel电子
网格、孟婧 [4]等使用 Tina-Ⅱ、江文贱 [5]使用Mul-
tisim对二维建筑物墙体的等温及对流边界模型进行
了数值求解。本质上，只是利用将预先设置好的导热

物体等效电路进行电路仿真，并未在软件层面系统实

现导热物体向电路系统等效转化，相较于搭建并测量

实体电路并未显著提高效率。在软件开发方面，张程

宾等应用MATLAB开发了导热实验仿真软件，仅限
于二维矩形温度场的模拟，能够处理不同边界条件下

不含内热源、稳态或非稳态导热问题 [6]；王辉等利
用 Fluent开发了导热虚拟仿真实验平台，仅限于球
体一维导热 [7]；梁秀俊等基于 Java语言开发了具有
可视化交互和后处理功能的导热实验虚拟仿真软件，

仅包括平壁、圆筒壁、球壳、等截面直肋、二维矩形

区域 5个实验模块 [8]。这些软件所涵盖的仿真模块
具有一定的局限性，不能普遍适用于任意边界形状的

热传导问题.

本文基于 Visual Studio 2022 平台 MFC 类库，
利用 C++语言开发了热电比拟虚拟仿真教学实验软
件。该软件将本校《热流体课程实验》教材 [12]热
电比拟实验内容转化为仿真软件，并增添了含圆弧、

线段和圆形构成的任意形状及多物体接触的二维导

热物体温度场求解功能。本文介绍了仿真软件的原理

及开发过程，并以实际教学实验中的二维导热问题为

例对仿真结果进行了分析。新开发的虚拟仿真实验于

2023年 3月设计开发完成，目前已经投入课程使用。
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2软件原理介绍

2.1传热问题的数值解法
传热问题数值求解的传统思路是将导热物体在

时间和空间上连续的温度场用有限个离散点的温度

值集合来代替，再通过求解这些值的离散方程得到温

度分布的数值解。如图 1所示，用一系列相交网格线
划分求解区域，网格线间的交点称为节点，相邻两节

点间的距离称为步长，记为 ∆𝑥 、∆𝑦，以节点为中
心、由相邻两节点连线中垂线构成的阴影区域称为控

制面积。

图 1: 网格划分

控制面积完全包含在物体区域内的节点称为内

节点 (D)，否则称为边界节点。边界节点根据位置不
同，可分为平直边界节点 (B)、内部角点 (E)、外部角
点 (ACFGH)。边界节点的控制面积被物体边界截断，
截面部分的边长之和称为节点的边界长度，如图 2所
示。

图 2: 各类节点示意图
h

以左上角为原点、m为横坐标、n为纵坐标建立
节点编号的平面直角坐标系。根据区域离散化和热平

衡法，可以得到各节点的离散方程。以内部角点 E为
例，分析有内部节点、边界节点和周围环境向其传热，

可得

𝜆𝑡𝑚,𝑛−1 − 𝑡𝑚,𝑛
Δ𝑦 Δ𝑥 + 𝜆𝑡𝑚−1,𝑛 − 𝑡𝑚,𝑛

Δ𝑥 Δ𝑦 + 𝜆𝑡𝑚,𝑛+1 − 𝑡𝑚,𝑛
Δ𝑦

Δ𝑥
2

+ 𝜆𝑡𝑚+1,𝑛 − 𝑡𝑚,𝑛
Δ𝑥

Δ𝑦
2 + 𝑞𝑤𝑥

Δ𝑦
2 + 𝑞𝑤𝑦

Δ𝑥
2 = 0

(1)
式中：𝑡为节点温度 /∘C；𝑞𝑤 为热流密度，W/m2；𝜆
为物体导热系数，W/(m · K)。

2.2热电比拟原理及扩展
对于电路，仅考虑含电阻、独立电压源、独立电

流源三种元件，根据基尔霍夫电流定律、基尔霍夫电

压定律和欧姆定律，可得节点电压方程的一般形式：

𝐴𝑌 𝐴𝑇 𝑈𝑛 = 𝐴𝑌 𝑈𝑠 − 𝐴𝐼𝑠 (2)

式中：𝐴为关联矩阵，表示节点与支路的拓扑结构关
系；𝑈𝑛 为节点电压矩阵，𝑉；𝑈𝑛 为支路独立电压源

值，𝑉；𝐼𝑠为支路独立电流源值；𝑌 为导纳矩阵，Ω−1

，𝑌 = 𝑑𝑖𝑎𝑔(1/𝑅, ...)。
当满足条件：电路的拓扑结构信息即每个支路的

始末节点编号已知，可列写关联矩阵；公式 (2)中的电
导值 𝑌、电压源值 𝑈𝑠、电流源值 𝐼𝑠已知时，能够解得

节点电压值 𝑈𝑛。热电比拟的基本原理是电势场、温

度场在二维平面上均满足拉普拉斯方程，因此可用电

压 (V)比拟节点温度 (∘C)、电流 (A)比拟热流 (W/m)、
电阻 (Ω)比拟热阻 (m·K/W)，通过列写节点电压方
程，求解导热物体的等效电路电压分布，间接求解温

度场分布。

根据热电比拟原理，设定步长 Δ𝑥 = Δ𝑦，对节
点离散方程、边界条件进行处理，得到等效电阻值、

电压源值或电流源值。

(1)内节点

4
∑

𝑖

𝑡𝑖 − 𝑡𝑚,𝑛
1/𝜆 = 0 =

4
∑

𝑖

𝑡𝑖 − 𝑡𝑚,𝑛
𝑅𝐼𝑖

(3)

式中：𝑅𝐼 为内部热阻 /Ω；𝑖为相邻节点编号。
(2)边界节点 (等温、对流、绝热边界条件)

∑
𝑖

𝑡𝑖 − 𝑡𝑚,𝑛
1/𝜆 +

2
∑

𝑗

𝑡𝑗 − 𝑡𝑚,𝑛
2/𝜆 + ∑

𝑘
𝑞𝑤𝑘𝑙𝑘 = 0

= ∑
𝑖

𝑡𝑖 − 𝑡𝑚,𝑛
𝑅𝐼𝑖

+
2

∑
𝑗

𝑡𝑗 − 𝑡𝑚,𝑛
𝑅𝐵𝑖

+ ∑
𝑘

𝐼𝑐𝑜𝑛

(4)

式中：𝑞𝑤为热流密度，W/m2；𝑙为边界长度，m；
𝑅𝐵 为边界热阻，Ω；𝐼𝑐𝑜𝑛 为边界热流项，A；𝑖为相
邻内节点编号；𝑗为相邻边界节点编号；𝑘为边界节
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点所在的边界编号。

对于对流边界，设 𝑡0 为环境温度，/∘C；ℎ为换
热系数，W/(m2 · K)。则

𝑞𝑤 = 𝑡0 − 𝑡𝑚,𝑛
1/ℎ = 𝑡0 − 𝑡𝑚,𝑛

𝑅𝐶
(5)

式中：𝑅𝐶 为对流热阻，Ω。特别地，ℎ → ∞等
效于恒温边界，ℎ → 0等效于绝热边界。

(3)界面连续边界条件 (多物体接触)

设两种材料接触良好，满足接触节点的温度值相

同、热流相同，则两连续边界可等效为并联电路，如

图 3所示，其等效热阻为

𝑅𝐵 = 𝑅𝐵1𝑅𝐵2
𝑅𝐵1 + 𝑅𝐵2

= 2
𝜆1 + 𝜆2

(6)

图 3: 界面连续边界条件等效电路

综上可得，在任意边界条件下，任意节点的统一

等效形式。二维导热物体等效电路结构如图 4所示，
元件数值计算公式如表 1所示。

∑
𝑖

𝑡𝑖 − 𝑡𝑚,𝑛
1/𝜆 +

2
∑

𝑗

𝑡𝑗 − 𝑡𝑚,𝑛
2/𝜆 +∑

𝑘

𝑡0 − 𝑡𝑚,𝑛
1/ℎ𝑙𝑘

= 0 (7)

图 4: 热电比拟基本原理图

表 1: 支路原件数值计算公式

支路类型 电阻值 电压源值 电流源值
内部支路 𝑅1 = 1/𝜆 0 0
边界支路 𝑅𝐵 = 2/(𝜆1 + 𝜆2) 0 0
对流支路 𝑅𝐶 = 1/ℎ𝑙 𝑈𝐶 = 𝑡0 0

0 0 𝐼𝑐𝑜𝑛 = 𝑞𝑤𝑙

3软件开发

3.1软件设计模式及开发框架
软件主要采用MVC设计模式，包括分离的数据

模型处理系统和图形界面交互系统。在每个功能模块

的实现部分还进行了分层设计，以降低模块间的依赖

性。将复杂的功能模块拆分为若干流程进行模块化编

程，并在不同模块之间采用接口相连，从而支持子模

块对程序进行调试、修改与功能拓展。软件主界面如

图 5所示，由菜单栏、工具栏和绘图界面构成。

图 5: 软件主界面

3.2软件流程设计
软件的基本流程如图 6所示：

图 6: 软件基本流程

(1)设置网格像素长度及对应的实际物体长度；
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(2)选择直线、圆弧、圆形三种基本绘图工具首尾
相连绘制二维物体，物体边界必须构成封闭图形，选

择边界条件类型并输入适当的物性参数，包括恒温、

对流、绝热、界面连续 4种边界类型和环境温度、换
热系数、导热系数 3种参数，完成后提交边界。程序
将加载物体封闭区域，判断相互包含关系，建立边界

与物体间相互联系，判断边界相互接触关系，即生成

界面连续边界条件；若边界形状不封闭或边界条件参

数设置不合理，将弹出警告消息等待修改；

(3)边界设置合理后，用户单击物体区域输入适
当的物性参数，若参数设置合理则生成节点；程序将

进行边界阶梯化，识别并生成内节点与边界节点，根

据节点种类及位置关系建立内部支路、边界支路、对

流支路；

(4)求解温度场，程序将根据物性参数为支路数
值信息赋值，根据电路拓扑结构和支路数值信息列写

节点电压矩阵方程，使用 𝐿𝑈 分解进行直接求解；

(5)查看温度场求解结果，设置显示所需等温线
和温度场云图，程序将根据线性插值算法进行图像绘

制；

(6)导出数据，进行后续处理，或查看节点网格
视图、支路数值信息等，完成后返回绘制边界的环节

重新开始。

4软件功能

4.1二维墙角对流传热问题仿真

以本校《热流体课程实验》教材 [12] 热电

比拟实验中二维墙角问题作为仿真案例，如图 7
所示。其中，砖墙外表面与流体的对流换热系数

ℎ1=10.6W/(m2 · K)，流体温度 𝑡1=30 ∘C，内部为空腔，
内表面与流体的对流换热系数 ℎ2=3.975W/(m2 · K)，
流体温度 t2=10 ∘C，物体导热系数 𝜆=0.53W/(m·K)。

根据软件使用流程和示例物体的对称性，单击

“设置”，设置节点步长为 0.1 m，如图 8(a)；绘制 1/4
墙角如图 8 (d)；单击边界小圆圈输入前述边界条件，
如图 8(b)；提交物体后单击物体区域输入物性参数，
如图 8(c)；求解温度场并进行可视化处理，最终得到
如图 8(e)的温度场云图与如图 8(f)的等温线结果。

图 7: 二维墙角导热模型

图 8: 参数输入及结果输出界面

4.2仿真结果验证

以 Excel格式导出各节点温度值计算结果。为模
拟实际实验中万用表的测量精度，将温度值保留四位

小数。分别计算得每米高砖墙内表面和外表面的导热

量以及热平衡偏差得

Φ𝑖𝑛 = ℎ2 ∑𝑖 𝐴𝑖(𝑡1 − 𝑡2) = 28.36093W
Φ𝑜𝑢𝑡 = ℎ1 ∑𝑗 𝐴𝑗(𝑡1 − 𝑡2) = 28.36094W
ΔΦ = |Φ𝑜𝑢𝑡−Φ𝑖𝑛|

Φ𝑜𝑢𝑡+Φ𝑖𝑛
2

× 100% ≈ 2.0 × 10−5%

图 9: Ansys Fluent软件仿真结果
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4.3拓展及教学辅助功能

热电比拟实验实物电路存在难以拓展的问题，仅

能针对单一导热问题重复测量。如图 5 所示，虚拟
仿真实验能够绘制任意直线、圆弧形状首尾相连的物

体，同时方便调节边界条件、物体物性、节点步长参

数，有助于在测量性实验基础上开展探究性实验，极

大地丰富了实验内容。

为了在虚拟仿真教学过程中体现热电比拟基本

原理，避免“黑箱”实验，软件添加了节点网格视图

作为教学辅助功能。节点网格视图是网格划分后显示

节点及支路位置分布的视图，显示了导热物体等效电

路结构，与实物电路相一致，如图 10所示。

图 10: 节点网格视图

使用鼠标左键单击节点，软件将弹出对话框并输

出节点类型、边界长度、控制面积大小、温度值，以

及所有相连支路的类型、电阻值、电压源值、电流源

值，如图 11所示。根据以上数值信息，学生能够列
写节点热平衡方程，从中强化对实验原理的理解，学

习热传导问题数值解法的有关知识。

图 11: 节点数值信息

为了便于学生进行数据处理，软件还支持将计算

后得到的节点温度数据导出为 Excel表格，根据节点
坐标位置输出至指定单元格中，最高可精确至小数点

后四位。如图 12所示。

图 12: 节点温度值导出

5结语

基于软件灵活设置物体形状和实验参数的特点，

虚拟仿真实验教学将有助于学生深入探索传热过程

的影响因素和基本原理，弥补传统教学中实际操作的

不足，达到提高学生学习兴趣与自主探究能力的目的

[14][15]。本文基于热电比拟原理开发出虚拟仿真教
学实验，实现了在等温、对流、绝热、界面连续边界条

件下，任意形状二维物体稳态导热过程的数值模拟和

结果可视化演示，具有操作简单、准确度高、可视化

效果强等优点。本实验已于 2022-2023学年第二学期
在本校《热流体课程实验》中面向智能钱 001、能动
B003班 55名学生完成试运行，于 2023-2024学年第
一学期正式投入传热学实验课程使用，作为“二维导

热物体温度场电模拟实验”线上虚拟仿真教学实验，

并且在“导热系数测量实验”中间的 2 小时等待时
间内进行该实验，以充实导热系数测量实验的内容。
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Fast And Comprehensive Dependency Scanner
Using Clang

Junyang Zhang

图 1: The Bytedance office building in Beijing, 2022.

摘要

Dependency scanning of C/C++ projects can be acheived by using the compiler’s preprocessor op-
tions. However, turning on these options will require the full execution of the frontend, which is time
consuming for large projects consisting of hundreds of thousands lines of codes. In this paper, a fast
dependency scanner using the features of the LLVM-Clang 15 frontend is proposed. By bypassing the
syntax actions and reconstructing the preprocessor, our scanner can acheive more than 50x speed ad-
vantage compared to traditional methods. We also constructed a production-ready development tool
to demonstrate the performace of our scanner in industrial scenarios.

关键词： compiler frontend preprocessor dependency scanning llvm-clang

1 Introduction

Despite the introduction of modules in the
C++20 standard, the most common and suggested
way to share code between compilation units in
C/C++ projects is to use the #include preprocessor
directive[1]. When using the include directive in a
C++ file, it is effectively the same as replacing the di-
rective with the full content of the included file. Due
to its simple behavior, the processing of the include
directives can be done without semantic analysis,
and it is often delt by the preprocessor. However,
the simplicity causes some problems since it allows
the headers to recursively include each other. The
size of the compilation units tend to grow faster than
the size of the project even if the code are reasonably

seperated in many source files and headers. The be-
havior of the include directive leads to long compile
time of large projects and also long processing time
of various development tools, such as Doxygen[2]
and clang-tidy[3].

From the software configuration management
perspective, there is a need of sorting out the depen-
dencies of a project when it contains over ten thou-
sands of lines of code. Many development tools such
as Microsoft Visual Studio and Doxygen included
features such as dependency view and XML gen-
eration. These features relies on the preprocessor
options of the compiler. For example, using -E -M
options of GCC can produce the full dependency
of a file[4]. While the -E option tells the compiler
to stop after the preprocessor, the compiler is not
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smart enough to bypass the time consuming lexi-
cal analysis of the preprocessor. This problem is
addressed by Lorencz et al.[5] and handled in the
LLVM version 15 release. However, the new imple-
mentation, clang-scan-deps lacks a important fea-
ture. It makes dependency scan fast by bypasssing
the lexical analysis of the file except the preproces-
sor directives. But it won’t expand the include direc-
tives to fulfill the recursive inclusion feature, thus
tooling develpers must implement their own recur-
sive inclusion scanning logic. Considering the limits
of clang-scan-deps, we present a dependency scan-
ner that can handle recursive inclusion, while much
faster than vanilla approaches.

This work is produced during the author’s in-
ternship at Bytedance Inc. All materials shown in
this paper is desensitized and shall not have public
usage.

2 Overview

In this paper, we firstly introduce Clang and the
Clang LibTooling API, which is the basis of our scan-
ner. Secondly we present our ideas of constructing
the new scanner. Thirdly we make comparisons of
our scanner and the vanilla approaches in the terms
of speed and accuracy. Finally we briefly showcase
our Proto Auto Cut tool as a case of actual applica-
tion of our scanner.

The following reference of Clang or LLVM
components is under the LLVM 15 context, other-
wise noticed. The features that this paper mentions
may change in future stable releases.

3 Clang LibTooling API

Clang is a project under the LLVMmonorepos-
itory, which provide the frontend for C, C++ and
Objective-C languages. Clang is open, modular and
effective. Utilizing the power of LLVM, clang can
basicly outperform gcc as a generic compiler.

LibTooling is a library to support writing stan-
dalone tools based on Clang[6]. The LibTooling API
is built around the concept of “FrontendAction”.
Using a “ClangTool” class instance, one can run
any predefined or custom frotend actions over code.
Also, the standalone tool can be linked with any

LLVM or Clang libraries including AST, driver,
rewriter, static analyzer, compilation database, etc.
Clang also provided common tools like clang-
format, clang-fuzzer, clang-tidy, which is developed
upon the tooling APIs. Our scanner is a standalone
tool using the LibTooling API and other necessary
Clang APIs.

However, not everything is exposed through
Clang APIs, such as “HeaderSearch”, which is es-
sental in finding headers using the directory argu-
ments and default paths. Handing header searching
without any APIs would cause different behaviors
of the tool and actual build, thus making the tool
unreliable. We adopted to copy the source code of
the Clang preprocessor implementation and make
necessary refactors to ensure consistency in header
searching order, which will be discussed later.

Clang Tool

Dependency Scan Action

invocation

target file &  
compilation database

Header
Search

PrintDependencyDirectivesSourceMinimizerAction

dependency graph

图 2: The scanner architecture.

4 Scanner Architecture

In this section we describe our implementation
of our scanner. Figure 2 shows the architecture of
our scanner in the aspect of the execution order. The
scanner has an instance of ClangTool and can be in-
voked through the command line. The ClangTool
will run a “Dependency Scan Action” over the des-
ignated file, and produce a dependency graph. We
will explain the details in this order.
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4.1 Invocation
The scanner can be invoked in two ways: 1.

with a compiler invocation of a single file; 2. with
a compilation database. The first way requires the
full arguments to compile the file, for the scanner
to properly find the headers and opt the designated
standard of the language. With the first way, only
the dependency of this single file will be found. The
second way is use to scann all the dependencies in a
single project. And the second way requires a com-
pilation database.

The compilation database is a JSON format file
containing the information of a build. Build sys-
tems such as CMake[7] and Bazel[8] runs a set of
commands to process, compile and link the whole
project. Such build system can be configured to
write a compilation database to record the build.
And Clang has a API for accessing the compilation
database to analyze the build, which is used in our
work. With the compilation database, the scanner
can be run multiple times over all the files of the
project and avoid unnecessary filesystem invoca-
tions.

Next, the instance of ClangTool will pro-
cess the invocation and run the customized
DependencyScanAction over the file. While running
the action, not only the target file and the database
could be accessed, but also a bunch of Clang class
instances including the driver and the compiler in-
stance.

4.2 Dependency Scan Action
This action is the key part of our scanner, which

includes the header search and a scanning action.
Header searching begins when a valid include direc-
tive is read by the preprocessor, and the preproces-
sor raises a preprocessor callback. The registered
header scan instance then searches for headers se-
quentially from a list of directories or checks, which
contains:

(1) the current path of the includer;
(2) the suggested module if the includer is a sys-

tem header;
(3) user designated paths using the commandline;
(4) system default paths, usually set by the gcc

driver;

The PrintDependencyDirectiveSourceMini-
mizerAction is also a key part of the dependency
scan action. This lengthy-named action ls intro-
duced in LLVM 15, which is the basis of the clang-
scan-deps tool. This action will read but not to-
kenize the input stream, consuming only the pre-
processor directives. Listing1 is an example of a
scanned source file, in which the highlighted lines
are the lines that is processed by the action. Since
the amount of directives in a file is usually small
compared to other code, this action can speedup the
preprocessing phase by a large fraction.

The action nontheless cannot recursively pro-
cess the included headers, thus it needs to do header
search when it is necessary. Fortunately the ac-
tion can have regular preprocessor callbacks, thus
we shall register the header search function as the
callback. In the perspective of control flow, the ac-
tion and the header search function will repeatedly
call each other until the last header is processed.

With the completion of the preprocessing, the
dependency of the file is available. Due to the be-
havior of the include directive, the output should be
a directed graph with nodes representing files and
edges representing inclusions.

5 Implementation and
Evaluation

We implement the scanner as a standalone tool
and tested over some internal projects at bytedance.
The testing environment is a 96 core intel physical
server equipped with 1T DDR4 memory, and we use
32 cores locked at 2.5 GHz. The operating system
is Debian 10 buster with Linux kernel 5.15.86. We
use llvm 11 toolchain to compile all the tools that
are used in the evaluation, and we link our scanner
with LLVM 15.0.3 libraries.

To evaluate the scanner we take our target
project and build it using bazel, the build system, for
the compilation database. And then use the compi-
lation database as the input for the scanner to scan
the project. We compare the performace of the scan-
ner with both gcc 8.3.0 and clang 11 solutions. The
solution using these compilers is a python script that
pipes the output of each command in the compila-
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tion database, appended with “-E -M” options. The
script will record the processing time of the sub-
processes as the execution time, instead of the total
completion time.

We choose 4 typical large C/C++ project as
the target project for evaluation, and their charac-
teristics are listed in Table 1. 𝑃𝑟𝑒𝑑𝐴, 𝑃𝑟𝑒𝑑𝐵 and
Parse are internal projects of Bytedance thus we use
pseudonym here. These projects can represent ac-
tual industrial use cases.
Project LoC Description

Linux ∼28 million For reference
𝑃𝑟𝑒𝑑𝐴

∼17 million A datacenter application for prediction
𝑝𝑟𝑒𝑑𝐵

∼2 million A datacenter application for prediction
Parse ∼16 thousand A parsing library

表 1: Characteristics of the target projects.

Figure 3 shows the result of our experiment
using our scanner and the selected projects. For
each project, the processing time of the scanner
and the compiler scanning solutions are recorded,
along with the compilation time using clang 11 for
comparison. The result meets our expectation that
our dependency scanning time is significantly lower
than that of the compiler solutions, and is a frac-
tion of the full compilation time since most proce-
dures such as syntax analysis, code generation and
optimization are ignored. Our scanner outperform
general solutions by around 6x, bringing significant
improvement to the development tools that need de-
pendency scanning.
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图 3: The result of the experiment.

For the accuracy part of the evaluation, our test
examples covered system libraries, #include_next
directives, sophisticated compiler options, custom
default paths and preprocessor macros. We con-
clude that the output of our scanner is topologically
identical with the general solutions.

The compatibility of our scanner is good, for it
only needs the compilation database, which is sup-

ported by most of the build systems. However, con-
figurations or scripting jobs are needed when han-
dling GNU Make projects like Linux. The automa-
tion of our tool is even better than the general de-
pendency scanning tools in the terms of user expe-
rience.

6 A Use Case

In this section a use case of the scanner is pro-
posed, to elaborate the significance of a fast scanner
in industrial applications. We designed Proto Auto
Cut, which is an automation tool to accelerate com-
pilation for large projects using protocol buffers[9].

Protocol buffers is a mechanism for serializing
structured data, with similar goal as XML. But proto-
col buffers encode data into byte streams rather than
text streams, making it smaller, faster and efficient,
only compromising human readability. To use pro-
tocol buffers, one should install the library for the
language the user selected, and write a “.pb” file con-
taining the classes that need to be serialized, and the
instances of the classes are called “messages”. The
“.pb” file is written using protocol buffer’s interface
description language (IDL).

Protocol buffers is widely used at Bytedance,
and some legacy code contains discouraged usage
of protocol buffers. There are some projects sharing
a “.pb” file which has a super long message consist-
ing of nearly ten thousand fields. The problem then
raises. The C++ layer for protocol buffers trans-
late the “.pb” file into C++ classes, an a super long
message will lead to a parsing function containing
a switch argument of ten thousand cases. Such a
C++ function stressed the compiler’s register alloca-
tion pass and prolonged the file’s compilation time
to nearly 40 minutes.

The way we takle this problem is to shrink the
size of the “.pb” file. Because the number of the fields
that the projects is using is around 20, far less then
that in the “.pb” file, and protocol buffers allowed un-
defined fields in the wire, we can remove the fields
that are not used in the project. We developed an
auto tool for this shrinking process, the Proto Auto
Cut. Using our dependency scanner, Proto Auto Cut
can tell the files that referenced generated protocol
buffer headers, and do semantic analysis over these
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files to extract the fields that are actually used. With
the power of the protoc library, we can remove the
unnecessary fields in the file and do the compilation.

In practice, the Proto Auto Cut tool boost the
compilation speed of the legacy projects up to 60x,
which massively reduced the workflow of the de-
velpers and loosen the stress on our compilation
cluster. The dependency scanner in this case re-
duces the processing time of our tool by 5x, making
it possible to be merged into our build process.

参考文献

[1] c++2011iso

[2] van2008doxygen

[3] sadowski2014usable

[4] gcc2023options

[5] lorencz2018clang

[6] clang2023libtooling

[7] bast2018cmake

[8] maudoux2018correct

[9] kaur2010evaluation

19



Journal of Zhufeng

Efficient Embeddings of Logical Variables for
Query Answering over Incomplete Knowledge

Graphs

Dingmin Wang, Yeyuan Chen, Bernardo Cuenca Grau

摘要

The problem of answering complex First-order Logic queries over incomplete knowledge graphs is
receiving growing attention in the literature. A promising recent approach to this problem has been
to exploit neural link predictors, which can be effective in identifying individual missing triples in the
incomplete graph, in order to efficiently answer complex queries. A crucial advantage of this approach
over other methods is that it does not require example answers to complex queries for training, as
it relies only on the availability of a trained link predictor for the knowledge graph at hand. This
approach, however, can be computationally expensive during inference, and cannot deal with queries
involving negation.
In this paper, we propose a novel approach that addresses all of these limitations. Experiments on
established benchmark datasets demonstrate that our approach offers superior performance while
significantly reducing inference times.

1 Introduction

Knowledge graphs (KGs) are graph-structured
knowledge bases where nodes and edges represent
entities of interest and their relations (Hogan et
al.2021; Heist et al.2020). Formally, a KG can be seen
as a set of triples (or logical facts) and can be rep-
resented in standard formats such as the Resource
Description Framework (RDF). KGs are increasingly
been used in a wide range of applications, such as
Web search, question answering in digital assistants,
recommender system, scientific discovery, or data
integration (Li et al. 2020; Xu et al. 2020; Noy
et al. 2019). Many largescale KGs used in appli-
cations, however, are highly incom- plete; as a re-
sult, 𝑘𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒 𝑔𝑟𝑎𝑝ℎ 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛—the problem
of completing a KGwith missing facts that are likely
to hold in the domain of interest—has received a
great deal of attention in recent years (Rossi et al.
2021).

𝐿𝑖𝑛𝑘 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟𝑠 are ML models that can pre-
dict whether individual missing facts hold in an in-
complete KG. These models can be very effective

for KG completion tasks. They typically work by
first learning vector representations of the entities
and relations in the KG during training, and then
exploiting these embeddings to predict individual
facts.

In recent years, however, there has been grow-
ing interest in going beyond the prediction of sim-
ple logical facts and tackle themore general problem
of answering complex FOL queries over incomplete
KGs. Roughly speaking, given a query𝑄(𝑥)with an-
swer variables x and a KG 𝒦, the goal is to compute
the answers to 𝑄(𝑥) with respect to the (unknown)
completion 𝒦∗ of 𝒦. One possible solution to this
problem is to exploit the availability of a neural link
predictor to first compute the complete KG 𝒦∗ and
then evaluate 𝑄(𝑥) directly over 𝒦∗ using standard
query answering technology in data management.
This solution, however, can be problematic in prac-
tice as it may require an unmanageable number of
link prediction tests and may involve the materiali-
sation of a large number of facts in the KG.

As a result, research has focused on techniques
for answering queries without the need of complet-
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ing the graph first. 𝑄𝑢𝑒𝑟𝑦 𝑒𝑚𝑏𝑒𝑑𝑑𝑖𝑛𝑔 𝑚𝑒𝑡ℎ𝑜𝑑𝑠,
such as box embeddings (Ren, Hu, and Leskovec
2020), beta embeddings (Ren and Leskovec 2020),
and cone embeddings (Zhang et al.2021), compute
vector embeddings for the queries and then treat
query answering as a nearest-neighbor search prob-
lem in the latent space. Training such models is,
however, problematic, as they can only deal with
query patterns seen during training, and hence
training typically requires the availability of an-
swers to a wide variety of queries.

To address this limitation, Arakelyan et al. pro-
posed the CQD model, which relies only on the
availability of vector embeddings provided by a
trained neural link predictor and hence does not re-
quire example answers to complex queries for train-
ing (Arakelyan et al.2021). This approach, how-
ever, also comes with a number of limitations. First,
it is restricted to a subclass of positive existential
queries—FOL queries constructed using only con-
junction, disjunction and existential quantification;
thus, it cannot handle queries involving other im-
portant constructs such as negation. Second, CQD
relies on a computationally expensive combinatorial
optimisation problem to search for likely query an-
swers using the embeddings provided by the neural
link predictor; this can lead to slow inference times
and limit the applicability of CQD to scenarios with
low latency requirements.

In this paper, we propose a novel approach
to query answering over incomplete KGs that ad-
dresses these limitations. Our approach extends the
query language of CQD to support negation while
at the same time significantly reducing the computa-
tional resources needed for both the training and in-
ference stages. Furthermore, similarly to CQD and
in contrast to query embedding methods, our ap-
proach relies solely on the availability of a trained
neural link predictor and hence does not require ex-
ample answers to complex queries for training. We
have implemented our approach in a system called
Var2Vec. Our extensive experiments on three stan-
dard benchmark datasets show that Var2Vec can de-
liver superior performance while significantly im-
proving both training and inference times.(1)

2 Background

Knowledge Graphs.A knowledge graph 𝒦
over a vocabulary consisting of pairwise disjoint
sets of entities 𝜀 and relations ℛ is a finite set of
triples ⟨𝑒1, 𝑟, 𝑒2⟩ where 𝑒1, 𝑒2 ∈ ℰ and 𝑟 ∈ ℛ.A triple
⟨𝑒1, 𝑟, 𝑒2⟩ is equivalent to a fact 𝑟(𝑒1, 𝑒2), and hence
a KG ℛ can also be equivalently seen a FOL knowl-
edge base consisting of a finite set of facts.

Queries.We consider the subclass of FOL
queries defined next. Consider a vocabulary consist-
ing of entities ℰ and relations ℛ,and let 𝒱 be a set of
variables pair-wise disjoint with ℰ and ℛ . A term
is either an entity in ℰ or a variable in 𝒱 . An atom
is a formula 𝑟(𝑡1, 𝑡2) where 𝑟 ∈ ℛ and each 𝑡𝑖 is a
term. A literal is an atom or the negation of an atom.
The subclass of FOL formulas𝜑 that we consider is
then inductively defined according to the following
grammar, where 𝑙 is a literal and 𝑥 is a variable:

𝜑 ∶∶= 𝑙|𝜑 ∧ 𝜑|𝜑 ∨ 𝜑 ∣ ∃𝑥.𝜑. (1)

Variable occurrences in the scope of a quanti-
fier are bound, whereas other variable occurrences
are free. A query is a formula with a single free vari-
able, called the answer variable.
Note that we consider an extension of the class
of monadic positive existential queries (i.e.,FOL
queries with a single answer variable constructed
using only conjunction, disjunction and existential
quantification) where, in addition, we allow for a
restricted form of negation occurring only in front
of atoms. This is in contrast to previous works, in
which queries were typically restricted to monadic
positive existential queries in disjunctive normal
form.
The dependency graph of a query 𝑄(𝑥) is a di-
rected graph where the nodes are the terms occur-
ring in the query and where there is a directed edge
from term t1 to term 𝑡2 whenever an atom of the
form 𝑟(𝑡1, 𝑡2) occurs as a sub-formula in the query.
Following the literature, we restrict ourselves to
queries where the dependency graph is connected
and acyclic, and where the answer variable is the
single sink node and each source node in the graph

(1)Code available at https://github.com/wdimmy/Var2Vec.
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is an entity (and thus not a variable). In what fol-
lows, we will refer to the FOL queries satisfying all
the aforementioned syntactic restrictions as admis-
sible. To the best of our knowledge, the class of
admissible queries covers all types of queries sup-
ported by existing embedding-based query answer-
ing approaches in the literature, as well as all types
of queries in existing benchmarks. An example ad-
missible query and its corresponding dependency
graph are shown in Figure 1.

图 1: Formalisation of the query
"𝑙𝑖𝑠𝑡 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑠 𝑜𝑓 𝐸𝑢𝑟𝑜𝑝𝑒𝑎𝑛 𝑐𝑜𝑢𝑛𝑡𝑟𝑖𝑒𝑠
𝑡ℎ𝑎𝑡 ℎ𝑎𝑣𝑒 𝑛𝑒𝑣𝑒𝑟 ℎ𝑒𝑙𝑑 𝑡ℎ𝑒 𝑊𝑜𝑟𝑙𝑑 𝐶𝑢𝑝"
and the corresponding dependency graph. The
sink node corresponding to the answer variable is
depicted in green, whereas the source nodes (also
called anchor nodes in the literature) are entities
depicted in purple.

The semantics of query answering is standard.
We say that an entity 𝑒 ∈ ℰ is an answer to query
𝑄(𝑥) with respect to a KG 𝒦 if 𝒦 ∣= 𝑄(𝑒), and we
denote the set of answers to Q with respect to 𝒦 as
[𝑄]𝒦.

Neural Link Predictors. In the context of this
paper, we define a neural link predictor 𝑀 for a fi-
nite vocabulary of entities𝐸 and relations𝑅 as a pair
𝑒𝑛𝑐𝑀 ,𝑑𝑒𝑐𝑀 consisting ofan encoding function 𝑒𝑛𝑐𝑀
and a decoding function 𝑑𝑒𝑐𝑀 ,

respectively. The encoding function maps each
entity 𝑒ℰ to a 𝑘-dimensional real-valued vector and
each relation 𝑟ℛ to a 𝑘′-dimensional real-valued
vector, where 𝑘 and 𝑘′ are hyper-parameters of the
model representing the dimensions of entity and re-
lation embeddings, respectively. In turn, the decod-
ing function 𝑑𝑒𝑐ℳ is a function mapping each triple
of vectors in ℝ𝑘 × ℝ𝑘

′
× ℝ𝑘 to a real value between

0 and 1. The vector components in the encoding of
each entity and relation of the vocabulary constitute
the learnable parameters of the model, whereas the

decoding function is used to assign to each possible
fact 𝑟(𝑒1, 𝑒2) in the vocabulary a probability decℳ
(𝑒𝑛𝑐ℳ(𝑒1), 𝑒𝑛𝑐ℳ(𝑟), 𝑒𝑛𝑐ℳ(𝑒2)).

t-norms and t-conorms. Triangular norms (or
𝑡−𝑛𝑜𝑟𝑚𝑠) are generalisations of the logical conjunc-
tion operator that are typically adopted in fuzzy log-
ics (H ́𝑒ajek 2013; Gupta and Qi 1991). Formally, a
t-norm is a binary operation ⊤ on [0, 1] satisfying
the following properties:
• ⊤(𝑥, 𝑦) = ⊤(𝑦, 𝑥)(𝑐𝑜𝑚𝑚𝑢𝑡𝑎𝑡𝑖𝑣𝑖𝑡𝑦);
• ⊤(𝑥, ⊤(𝑦, 𝑧)) = ⊤(⊤(𝑥, 𝑦), 𝑧)(𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑣𝑖𝑡𝑦);
• 𝑦 ⩽ 𝑧 → ⊤(𝑥, 𝑦) ≤ ⊤(𝑥, 𝑧)(𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐𝑖𝑡𝑦); and
• ⊤(𝑥, 1) = 𝑥 (neutral element 1).
Examples used in practice include the G ̈𝑜del t-norm
⊤(𝑥, 𝑦) =𝑚𝑖𝑛(𝑥, 𝑦), the product t-norm⊤(𝑥, 𝑦) = 𝑥·𝑦
and the Lukasiewicz t-norm ⊤(𝑥, 𝑦) = 𝑚𝑎𝑥(𝑥 +
𝑦—1, 0). The notion of a t-cornorms is dual to that
of a t-norm and is used to generalise logical disjunc-
tion. Formally, a tconorm is a binary operation ⟂
on [0, 1] satisfying the aforementioned communati-
tivy, associativity and monotonicity properties and
where the neutral element is 0 instead of 1 (that is,
⟂ (𝑥, 0) = 𝑥). Examples of t-conorms used in prac-
tice are the G ̈𝑜del t-conorm ⟂ (𝑥, 𝑦) = 𝑚𝑎𝑥(𝑥, 𝑦),
the product t-conorm ⊥(𝑥, 𝑦) = 𝑥 + 𝑦 − 𝑥 · 𝑦 and the
Lukasiewicz t-conorm ⊥(𝑥, 𝑦) = 𝑚𝑖𝑛(𝑥 + 𝑦, 1).

图 2: An example about how each intermediate vari-
able (𝑦1, 𝑦2 and 𝑦3) node embedding in a complex
logic query is calculated. Note that source nodes
e1 and e2 and all relation nodes (𝑟1, 𝑟2, 𝑟3, 𝑟4 and 𝑟5)
could be obtained di- rectly from the trained neural
link prediction model.

3 Method

In this section, we present our approach
Var2Vec to query answering over incomplete KGs.
Our model relies on the availability of a trained neu-
ral link predictor ℳ for a fi- nite vocabulary of enti-
ties ℰand relations ℛ; it is compati- ble with most
transductive link prediction methods proposed in
the literature, such as TransE (Bordes et al. 2013),
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DistMult (Yang et al. 2015), ComplEx (Trouillon et
al. 2016), RotaE (Sun et al. 2018), and QuatE (Zhang
et al. 2019). Indeed, the only requirement is that ℳ
can provide vector embeddings for each entity and
relation in the vocabulary as well as a probability
for each candidate fact. Then, given any admissible
query𝑄(𝑥) and anyKG𝒦mentioning only relations
from ℛ and entities of ℰ, our model estimates the set
of answers to 𝑄(𝑥) with respect to the completion
𝒦∗ of facts predicted to hold by ℳ.

At training time, we first train ℳ in the usual
way (or take a pre-trained link predictor instead);
then, using the embeddings provided byℳ, we train
a weight matrix W that will be used to generate
vector embeddings for the existentially quantified
variables of any admissible input query at inference
time.(2) The training of W is described in Section.

At inference time, we first traverse the input
query 𝑄(𝑥) to generate, usingW and ℳ, vector em-
beddings for each existentially quantified variable;
this is described in Section . Subsequently, as de-
scribed in Section , we score each entity 𝑒 in ℰ to
provide a likelihood of 𝑄(𝑒) being true in 𝒦∗; this
allows us to rank the possible answers to the query.

3.1 Learning the Weight Matrix

Although a trained neural link predictor ℳ can
calculate a score for any fact 𝑟(𝑒1, 𝑒2) over its vocab-
ulary, it cannot provide a score for atoms involv-
ing variables, such as 𝑟(𝑒1, 𝑦) or 𝑟(𝑦1, 𝑦2), unless we
first embed these variables as vectors. To this end,
we propose to train and exploit a weight ma- trix
W ∈ ℝ(𝑘+𝑘′ )×𝑘, where 𝑘 and 𝑘′ are the dimensions
of the entity embeddings and the relation embed-
dings in ℳ, respectively. For instance, given an
atom 𝑟(𝑒, 𝑦), the embed- ding of variable 𝑦 is 𝑦 =
W·[𝑒𝑛𝑐ℳ(𝑒) ∶ 𝑒𝑛𝑐ℳ(𝑟)], where [:] is the vector con-
catenation operation.

Given a set of training facts of the form 𝑟(𝑒1, 𝑒2),
with 𝑒1, 𝑒2 ∈ ℰ𝑎𝑛𝑑𝑟 ∈ ℛ, we minimise a L2-norm
loss given next, where the elements of W are the
only parameters:

ℒ = ‖ (W ⋅ [encℳ (𝑒1) ∶ encℳ(𝑟)]) − encℳ (𝑒2)) ‖2.
(2)

Intuitively, W is trained to transform the embed-
dings of the first argument of a training fact and
the fact′s relation into the embedding of the fact′s
second argument. Note that, to train W, we only
require a set of training facts, which could be the
same facts used to train ℳ; this is in contrast to
query embedding models such as GQE (Hamilton et
al. 2018), Query2Box (Ren, Hu, and Leskovec 2020),
BetaE (Ren and Leskovec 2020) and ConE (Zhang
et al. 2021), which usually require large amounts
of training queries and answers in order to achieve
good performance.

3.2 Generating Variable Embeddings

Given an admissible query 𝑄(𝑥), a trained neu-
ral link pre- dictor ℳ, and a trained weight matrix
W, we can generate vector embeddings for all exis-
tentially quantified variables in 𝑄(𝑥). To this end,
we traverse the query as described next where 𝐺𝑄
is the dependency graph of 𝑄(𝑥). First, we mark the
source terms 𝑡 of 𝐺𝑄 as visited; these are entities
be- cause the query is admissible, and hence we can
obtain their embedding t = encℳ(t); we also obtain
the embedding of all relations 𝑟 in the query as r =
encℳ(𝑟). Then, we repeat the following process un-
til all existentially quantified variables in 𝑄(𝑥) are
marked as visited.
• Iterate through each unvisited existentially quan-
tified variable 𝑦 such that each atom in 𝑄(𝑥) involv-
ing 𝑦 is of the form 𝑟𝑖(𝑡𝑖, 𝑦) where each such 𝑡1, ..., 𝑡𝑛
is an entity or an existentially quantified variable
marked as visited.

—compute the embedding y of 𝑦 as

𝑚𝑎𝑡ℎ𝑏𝑓𝑦 = ∑𝑛
𝑖=1 W ⋅ [ti ∶ ri]

𝑛 (3)

where 𝑡𝑖 and 𝑟𝑖 are the embeddings of term 𝑡𝑖 (which
is available at this stage due to admissibility of the
query) and the relation 𝑟𝑖, respectively.
—Mark 𝑦 as visited.
Example 0.1. 𝐶𝑜𝑛𝑠𝑖𝑑𝑒𝑟 𝑡ℎ𝑒 𝑎𝑑𝑚𝑖𝑠𝑠𝑖𝑏𝑙𝑒 𝑞𝑢𝑒𝑟𝑦

𝑄(𝑥) = ∃𝑦1∃𝑦2∃𝑦3 · (𝑟1(𝑒1, 𝑦1) ∧ 𝑟3(𝑒2, 𝑦2)∧
𝑟2(𝑦1, 𝑦2) ∧ 𝑟4(𝑦2, 𝑦3) ∧ 𝑟5(𝑦3, 𝑥)).

(4)

It′s dependency graph is provided in Figure 2. We
(2)Here and in the rest of the paper we omit bias terms for clarity
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start by computing the embeddings 𝑒1 and 𝑒2 of en-
tities 𝑒1 and 𝑒2 and the embeddings 𝑟1, ...𝑟5 of rela-
tions 𝑟1, ..., 𝑟5 using the link predictor ℳ. We then
process variable 𝑦1 and obtain its embedding 𝑦1 as
W·[𝑒1 ∶ 𝑟1]. The next variable to process is 𝑦2 and
we obtain its embedding y2 as the average of W·
[𝑒2 ∶ 𝑟3] andW·[𝑦1 ∶ 𝑟2]. Finally, we can now obtain
the embedding 𝑦3 of variable 𝑦3 asW·[𝑦2 ∶ 𝑟4].

The process is clearly linear in the size of the
query as each atom is considered only once. Note
also that, to obtain variable embeddings at this stage,
we do not define a special treatment of negation or
disjunction as the query is traversed according to its
dependency graph only.

3.3 Scoring for Query-Entity Pairs

Once we have obtained vector embeddings for
all entities and existentially quantified variables
mentioned in the input query 𝑄(𝑥), we can exploit
the decoding function decℳ to compute a score for
each entity 𝑒 ∈ ℰ estimating the likelihood of 𝑄(𝑒)
being true in the completion 𝒦∗. For each entity
𝑒, the computation of the score is performed induc-
tively on the structure of 𝑄(𝑒). Formally, let us fix
a t-norm function ⊤ and a t-conorm function ⊥.
Then, the scoring function 𝜎 maps each admissible
FOL sentence 𝜑 constructed according to the gram-
mar in Equation (1) over the relevant vocabulary
to a real-valued score 𝜎(𝜑) ∈ [0, 1] as given next,
where for a term 𝑡 (constant or existentially quanti-
fied variable) and relation 𝑟 occurring in 𝜑, we use 𝑡
and 𝑟 to respectively denote their vector embedding
computed as described in Section.
• if 𝜑 is an atom of the form 𝑟(𝑡1, 𝑡2), for 𝑡1 and 𝑡2
terms, then 𝜎(𝜑) = dec𝑀(𝑡1, 𝑟, 𝑡2);
• if 𝜑 is a negative literal of the form ⌝𝑟(𝑡1, 𝑡2), then
𝜎(𝜑) = 1 − 𝜎(𝑟(𝑡1, 𝑡2));
• if 𝜑 = 𝜑1 ∧ 𝜑2, then 𝜎(𝜑) = ⊤(𝜎(𝜑1), 𝜎(𝜑2));
• if 𝜑 = 𝜑1 ∨ 𝜑2 , then 𝜎(𝜑) = ⊥(𝜎(𝜑1), 𝜎(𝜑2)); and
• if 𝜑 is of the form ∃𝑡.𝜑1,then 𝜎(𝜑1).

Note that the computation of the score for a
given entity is linear in the size of the query; further-
more, answering the query requires a score compu-
tation for each entity in the KG. Once, all scores have
been computed, the possible answers can be ranked

before they are returned to the user.

4 Experiments

We have implemented our Var2Vec model and
evaluated its performance against state-of-the-art
baselines.

In this section, we describe the results of our
evaluation on a suite of an established benchmark
for query answering over incomplete KGs.

Datasets and Queries We consider the query
answering benchmark proposed in (Ren, Hu, and
Leskovec 2020). The benchmark provides three
standard KGs commonly used in the KG comple-
tion literature: FB15k (Bordes et al.2013), FB15k-
237 (Toutanova and Chen 2015), and a subset of the
NELL995 KG (Xiong, Hoang, and Wang 2017). The
benchmark splits the facts in each KG into training,
validation and testing subsets, where the training
subset is contained in the validation subset and the
validation subset is in turn contained in the testing
subset. Given a query 𝑄 and a benchmark KG 𝒦,
let us denote with [𝑄]𝑡𝑟𝑎𝑖𝑛

𝒦 , [𝑄]𝑣𝑎𝑙
𝒦 and [𝑄]𝑡𝑒𝑠𝑡

𝒦 (where
) the set of answers to Q with respect to the training,
validation, and testing subsets of K, respectively. We
evaluate on

KG Training Validation Test
1p others 1p others 1p others

FB15k 273,710 273,710 59,097 8,000 67,016 8,000
FB15k-237 149,689 149,689 20,101 5,000 22,812 5,000
NELL995 107,982 107,982 16,927 4,000 17,034 4,000

表 1: Number of training, validation, and test
queries gen- erated for different query patterns.

the simplest pattern and it corresponds to facts,
whereas the remaining patterns represent increas-
ingly complex query structures. The queries used
for training, validation, and testing are obtained by
instantiating each query pattern multiple times for
each benchmark KG; this is done by choosing suit-
able relations and entities from the KG. Table 1 sum-
marises the number of instantiations of each query
pattern and each KG provided by the benchmark.
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Method Supported Operators

GQE (Hamilton et al. 2018) ∃, ∧
Query2Box (Ren, Hu, and Leskovec 2020) ∃, ∧, ∨

BetaE (Ren and Leskovec 2020) ∃, ∧, ∨, ¬
MLP (Amayuelas et al. 2021) ∃, ∧, ∨, ¬
ConE (Zhang et al. 2021) ∃, ∧, ∨, ¬

CQD (Arakelyan et al. 2021) ∃, ∧, ∨
FuzzQE (Chen, Hu, and Sun 2022) ∃, ∧, ∨, ¬

Var2Vec ∃, ∧, ∨, ¬

表 2: Considered baselines and our approach
Var2Vec.

Baselines We compare Var2Vec against the
state-of-the- art baselines indicated in Table 2. To
perform the experiments, we used the code for the
relevant baseline provided by the authors; the only
exception was FuzzQZ (Chen, Hu, and Sun 2022),
where we reported the results provided in their pa-
per since the code for the system is not publicly
available. All baselines support only admissible
queries as described in the preliminaries; however,
GQE, Query2Box and CQD are restricted to admis-
sible queries without negation. We did not include
the beam search scheme of CQD scheme as a base-
line in our experiments since, as show in Figure 4, it

is computationally too expensive; for example, a sin-
gle 12GBTitanXGPU returned amemory error for a
5000-batch query inference on NELL995; as a result,
we used only the continuous optimisation scheme of
CQD. It is worth reiterating that both our approach
and CQD require only facts (i.e.,queries of pattern
1p) for training, whereas training for the remaining
baselines also requires the complex queries and their
answers in the benchmark.

Model Details For each dataset, we pretained
a link predictor (ComplexE) only using the 1p
queries from their training dataset. The number
of training epochs was 100 and the embedding size
of both the entity and the relation was 2000. The
dimension of W was 4000 × 2000. We used the
Adam Optimizer (Kingma and Ba 2014) with learn-
ing rates lr=0.1/0.01/0.001 to optimize W and used
the best one on the validation set. The batch sizewas
1000. In our experiments, by default, we use prod-
uct T-norm (⊥(𝑥, 𝑦) = 𝑥 · 𝑦) and product T-conorm
(⊤(𝑥, 𝑦) = 𝑥 + 𝑦 − 𝑥 · 𝑦).

图 3: Query patterns considered in the experiments. In the naming of query structures, 𝑝, 𝑖, 𝑢 and 𝑛 stand
for Projection, Intersection, Union and Negation, respectively.

Evaluation Metrics Following prior work
(Ren, Hu, and Leskovec 2020; Ren and Leskovec
2020), we adopted the Mean Reciprocal Rank (MRR)
metric for our evaluation, which is calculated as
given next for a test query 𝑄 and a test KG 𝒦, where
𝑟𝑎𝑛𝑘𝑒 denotes the rank of entity 𝑒 as a query answer
amongst all entities in the KG:

Main Results.Table 3 summarises the results of
our evaluation on all three benchmark KGs, where
𝐴𝑣𝑔𝑒 (respectively, 𝐴𝑣𝑔𝑛) represents the average
MRR for all queries in the benchmark correspond-
ing to negation-free patterns (respectively, queries
corresponding to patterns with negation). Over-
all, the performance of our approach is highly com-
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petitive. Compared with GQE, Query2Box and Be-
taE, our method achieves an average improvement
on MRR of 37.7%, 22.9% and 46.2% respectively for
queries without negation, and also outperforms sig-
nificantly all of these approaches for queries with
negation. Our approach also outperforms ConE and
MLP both for queries with and without negation, es-
pecially for complex query patterns such as 𝑖𝑝 and
𝑝𝑖, which are patterns unseen during training for
all models; this suggests that our approach gener-
alises better to new query patterns than the base-
lines. Compared to CQD, our approach also displays
better average performance for all three benchmark
KGs. Finally, we compared our approach to FuzzQE,
which also exploits the availability of a neural link
predictor; we observe that our approach also outper-
forms FuzzQE inmost cases, with the only exception
of queries with negation on NELL995.

Figure 4 provides training and average infer-
ence times for all the evaluated approaches on
FB15k. We can see that our approach can be trained
and applied very efficiently. In particular, our ap-
proach is 12/46 times faster than CQD- CO/CQD-
Beam during inference and significantly faster than
embedding-based models during training.

图 4: Training and inference times on FB15k. In-
ference time refers to the average time per query.
From left (brown) to right (blue), it represents GQE,
Query2Box, BetaE, MLP, ConE, CQD-CO, CQD-
Beam and Var2Vec, respectively.

Method Avge Avgn 1p 2p 3p 2i 3i ip pi 2u up 2in 3in inp pin pni

NELL995

GQE 18.6 - 32.8 11.9 9.6 27.5 35.2 14.4 18.4 8.5 8.8 — — — — —
Q2B 22.9 - 42.2 14.0 11.2 33.3 44.5 16.8 22.4 11.3 10.3 — — — — —

CQD-CO 28.8 - 60.8 18.3 13.2 41.0 41.5 22.5 30.3 17.6 13.7 — — — — —
BetaE 24.6 5.9 53.0 13.0 11.4 37.6 47.5 14.3 24.1 12.2 8.5 5.1 7.8 10.0 3.1 3.5
ConE 27.2 6.4 53.1 16.1 13.9 40.0 50.8 17.5 26.3 15.3 11.3 5.7 8.1 10.8 3.5 3.9
MLP 25.0 6.0 52.7 15.4 14.0 36.4 45.4 15.8 22.1 13.2 10.0 5.1 8.0 10.0 3.6 3.6

FuzzQE 27.1 7.3 57.6 17.2 13.3 38.2 41.5 27.0 19.4 16.9 12.7 9.1 8.3 8.9 4.4 5.6
Var2Vec 30.1 7.5 60.8 18.0 11.9 42.2 52.2 22.7 30.9 19.2 12.2 6.8 8.8 10.6 5.4 5.9

FB15k-237

GQE 16.3 — 35.0 7.2 5.3 23.3 34.6 10.7 16.5 8.2 5.7 — — — — —
Q2B 20.1 — 40.6 9.4 6.8 29.5 42.3 12.6 21.2 11.3 7.6 — — — — —

CQD-CO 21.8 — 46.7 9.5 6.3 31.2 40.6 23.6 16.0 14.5 8.2 — — — — —
BetaE 20.9 5.4 39.0 10.9 10.0 28.8 42.5 12.6 22.4 12.4 9.7 5.1 7.9 7.4 3.6 3.4
ConE 23.2 5.9 42.3 12.7 10.7 32.6 46.9 13.6 25.2 14.2 10.6 5.4 8.6 7.8 4.0 3.6
MLP 22.1 6.7 41.4 11.7 9.9 32.1 44.6 13.0 24.5 12.6 9.3 6.4 10.6 8.0 4.6 4.4

FuzzQE 21.8 6.6 44.0 10.8 8.6 32.3 41.4 22.7 15.1 13.5 8.7 7.7 9.5 7.0 4.1 4.7
Var2Vec 23.4 6.4 46.7 10.8 8.4 33.5 46.5 16.3 22.5 16.6 8.8 5.4 10.5 6.2 4.4 5.3

FB15k

GQE 28.0 — 54.6 15.3 10.8 39.7 51.4 19.1 27.6 22.1 11.6 — — — — —
Q2B 38.0 — 68.0 21.0 14.2 55.1 66.5 26.1 39.4 35.1 16.7 — — — — —

CQD-CO 48.6 — 89.4 27.5 15.0 76.9 80.8 35.1 46.4 42.7 23.5 — — — — —
BetaE 41.6 11.8 65.1 25.7 24.7 55.8 66.5 28.1 43.9 40.1 25.2 14.3 14.7 11.5 6.5 12.4
ConE 49.7 14.8 73.2 33.7 29.0 64.6 73.6 35.5 50.9 55.3 31.4 17.9 18.7 12.5 9.8 15.1
MLP 41.6 13.9 66.9 29.3 24.4 56.1 66.2 26.7 44.8 33.5 26.4 16.0 17.3 13.2 8.3 14.6

FuzzyQE* — — — — — — — — — — — — — — — —
Var2Vec 51.0 18.9 89.4 26.0 16.6 79.0 82.6 34.2 46.0 62.8 22.1 23.6 31.4 9.8 9.8 19.7

表 3: MRR results (%) of baselines and our model on benchmark queries grouped by query pattern. Avge
and Avgn denote the average MRR on queries with and without negation, respectively.
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Ablation Studies.We first analysed the influ-
ence of the chosen link predictor on our results. Our
system uses ComplexEx by default. If we choose
DisMult instead, we can observe in Table 4 a slight
decrease in performance. This is unsurprising given
that ComplexEx ourperforms DistMult in link pre-
diction tasks over the benchmark KGs.

We also analysed the influence of the choice of
t-norm and t-conorms, which play an important role
in computing the scores for query answers. Our sys-
tem uses product t- norms and t-conorms by default,
and we also experimented with G¨odel t-norms and
t-conorms. Table 5 shows that using product t-
norms and t-conorms leads to superior performance
on all benchmark KGs.

Finally, we explored the possibility of replacing
the weight matrix W with a fully-connected neural
network equipped with ReLU activations. We con-
sidered architectures with one and two hidden lay-
ers in which ReLU is applied following matrix appli-
cation in each hidden layer. The results we obtained
on the FB15k KG are summarised in Table 6. We
can observe that, as the number of layers increases,
the training times increase significantly but the per-
formance of the model does not show a noticeable
improvement. These results thus speak in favour
of using a simple weight matrix instead of a more
complex neural architecture for computing variable
embeddings.

Case Study. In this section we discuss the vari-
able embeddings obtained by our approach. We
chose as a case study the test query in the NELL995
benchmark listing ”all countries where an official
language of the country is used for teaching

Method Avg 1p 2p 3p 2i 3i ip pi 2u up

NELL995

DisMult 28.1 58.6 13.9 10.3 40.7 51.0 18.9 28.9 18.7 11.5
ComplexE 30.1 60.8 18.0 11.9 42.2 52.2 22.7 30.9 19.2 12.8

FB15k-237

DisMult 21.6 45.4 8.0 6.6 31.5 44.0 13.2 21.0 16.2 8.1
ComplexE 23.2 46.7 10.3 7.1 33.5 46.5 16.3 22.5 16.6 8.8

FB15k

DisMult 41.8 73.4 17.6 15.4 60.5 68.8 30.1 39.5 50.5 20.5
ComplexE 51.0 89.4 26.0 16.6 79.0 82.6 34.2 46.0 62.8 22.1

表 4: MRR results (%) with DisMult and ComplexE.

Method Avg 1p 2p 3p 2i 3i ip pi 2u up

NELL995

MM 25.9 60.8 18.0 7.1 39.7 46.4 15.8 13.8 19.9 11.3
PP 30.1 60.8 18.0 11.9 42.2 52.2 22.7 30.9 19.2 12.8

FB15k-237

MM 19.4 46.7 8.8 6.9 30.9 39.6 11.5 6.7 17.2 6.5
PP 23.2 46.7 10.3 7.1 33.5 46.5 16.3 22.5 16.6 8.8

FB15k

MM 45 89.4 16.8 11.4 80.5 84.1 21.8 10.5 74.1 16.4
PP 51.0 89.4 26.0 16.6 79.0 82.6 34.2 46.0 62.8 22.1

表 5: MRR results (%) with different T-norms. MM
represents the Min-Max G¨odel combination and
PP for the Product-Product combination.

Divinity at universities”. This is a conjunctive
query written as follows, with 𝐷𝑖𝑣𝑖𝑛𝑖𝑡𝑦 an entity
NELL995:

𝑄(𝑥) = ∃𝑦1∃𝑦2 ⋅ ( CourseOf (Divinity, 𝑦1) ∧
𝑇 𝑒𝑎𝑐ℎ𝐿𝑎𝑛𝑔𝑢𝑎𝑔𝑒 (𝑦1, 𝑦2) ∧ 𝑂𝑓𝑓𝑖𝑐𝑖𝑎𝑙𝐿𝑎𝑛𝑔𝑢𝑎𝑔𝑒 (𝑦2, 𝑥))

(5)

An answer to this query can be obtained
by matching the answer variable 𝑥 to 𝑈𝑆 and
the existentially quantified variables 𝑦1 and 𝑦2 to
𝐻𝑎𝑟𝑣𝑎𝑟𝑑𝑈𝑛𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 and 𝐸𝑛𝑔𝑙𝑖𝑠ℎ, respectively. In-
tuitively, we would expect the embedding of vari-
ables 𝑦1 and 𝑦2 obtained as described in Section to be
close to the embeddings for university entities and
language entities, respectively.

图 5: Visualisation of entity and variable embed-
dings for the case study. Th black and yellow points
represents the embedding of variable 𝑦1 and 𝑦2, re-
spectively; and the purple and green clusters denote
the embeddings of university entities and language
entities, respectively.

To verify this intuition, we have performed
a Principal Component Analysis (PCA) (Abdi and
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Williams 2010) on the embeddings. The results are
depicted in Figure 5. Going from left to right, the
first cluster of points represents the embeddings of
University entities (in purple) and the embedding
of variable 𝑦1 (in black), whereas the second clus-
ter of points represent embeddings of language en-
tities (green points) and the embedding of 𝑦2 (yellow
point). We can observe that variable embeddings
show strong correspondence with the embedding of
their representative entities in terms of their rela-
tive positions in Figure 5. This illustrates that the
learnt weight matrixW is able to adequately embed
variables in queries with joins.

5 Related Work

Knowledge graph completion is the problem of
completing a KG with missing facts that are likely
to hold in the domain of interest. Neural link pre-
dictors are models capable of scoring the likelihood
of a particular fact and/or ranking the most likely
answers to an atomic query of the form 𝑄(𝑥) =
𝑟(𝑒, 𝑥)𝑜𝑟𝑄(𝑥) = 𝑟(𝑥, 𝑒) for 𝑟 a relation and e an en-
tity in the KG. Knowledge graph completion has re-
ceived a great deal of attention in recent years and a
wide range of neural link predictors have been pro-
posed. Prominent examples include TransE (Bor-
des et al.2013), DistMult (Yang et al.2015), Com-
plEx (Trouillon et al.2016), and RotaE (Sun et al.
2018). We refer the readers to (Rossi et al.2021) for
a more detailed discussion about these models. It
is worth mentioning, however, that the neural link
predictors that are compatiblewith our approach are
𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑣𝑒—that is, they score individual facts by
first learning embeddings for entities and relations
in the KG and as a result they can only make pre-
dictions for entities seen during training. In recent
years, however, there has also been increasing in-
terest on 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 link predictors, which are able
to make predictions for KGs involving arbitrary en-
tities (Hao et al. 2020; Teru, Denis, and Hamilton
2020; Liu et al. 2021).

In this paper, we focus on the query answer-
ing problem over incomplete KGs, which gener-
alises link prediction to FOL queries that go be-
yond simple facts. This problem is receiving in-

creasing attention, and prominent approaches in-
clude GQE (Hamilton et al.2018), Query2box (Ren,
Hu, and Leskovec 2020), BetaE (Ren and Leskovec
2020), MLP (Amayuelas et al.2021) and ConE (Zhang
et al.2021). Specifically, GQE is one of the ear-
liest approaches supporting only admissible con-
junctive queries. Query2Box further supports dis-
junction by representing queries as a box in a la-
tent space; box embeddings, however, cannot sup-
port negation since the complement of a box in the
Euclidean space is no longer a box. Beta embed-
dings (Ren and Leskovec 2020) were later proposed
so address this limitation and support admissible
queries involving all four Boolean operations. Sub-
sequent approaches, such as ConE and MLP, im-
proved model performance by introducing increas-
ingly complex architectures; these query embed-
dingbased approaches are, however, data hungry
and usually require millions of training queries to
achieve a satisfying performance. CQD (Arakelyan
et al.2021) exploits trained neural link predictors to-
gether with fuzzy logic operators to avoid the need
for complex queries during training. CQD requires
only facts for training and displays improved out-of-
distribution generalisation. CQD, however, does not
support negation and has low inference efficiency.

6 Conclusion

We have presented a novel approach to query
answering over incomplete KGs that addresses some
of the key limitations in prior work. First, we sup-
port admissible queries involving all Boolean op-
erators. Second, we require only facts for train-
ing, and training can be performed very efficiently.
Finally, our approach displays superior accuracy
while at the same time significantly reducing infer-
ence times.
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从言与意的张力谈对《庄子》的阅读体认
——以庄惠“濠梁之辩”寓言为例

焦成城

摘要

言意关系是庄子哲学的重要议题。在庄子哲学中，“言”与“意”有着多重含义，集中体现在语言哲

学、心灵哲学以及形而上学本体论等方面。以往某些研究认为庄子完全反对一切言语，不仅要无言、

去言甚至要无言、绝言，因而陷入了不可知论。本文通过对《庄子》相关文本进行考察，认为庄子从

“言不尽意”这一现实境遇出发，经由“得意忘言”的实现路径，最终朝向超越“言意”的达道境界。

这其实是在强调语言的局限性，属于可知论。并且，从言意张力这一崭新视角切入“濠梁之辩”的文

本，我们发现：与惠子经验层面的“以物观之”、最终将“道”具体化因而片面化不同，庄子对真意

即“道”的把握是通过两方面实现的：（1）非逻辑的直觉体悟；（2）“天人合一”的超验体验（“以道
观之”）。庄子所追求的是语言“即言即道”的自由本真之逍遥境界。

关键词：庄子；言意之辨；言不尽意；得意忘言；达道；“濠梁之辩”.

•

1引言：何为“言”与“意”

魏晋南北朝时期“言意之辩”可谓中国哲学史上

的一大学术论战，其最早可追溯到《周易》，如“书不

尽言，言不尽意”（《周易·系辞上》）[1]，所涉及的是
卦象、卦言（卦辞和爻辞）和卦义三者之间的张力关

系。甲骨文的“言”字为口上加辛（薪），表示口在说

话的嘈杂声 [2]，后来用作名词，又引申为言语与文
字（文字为固化的语言），即声波或笔画等物理实在

（庄子的“三言”与“庄语”后文展开）。在庄子哲学

中，“意”的涵义较为复杂，综合多方论述 [3]，本文
划分如下：（1）形而下器物之“意思”或“意义”：“尽
意”与“明义”与“诠理”是相近的 [4]。（2）心理层
面上的“意念”或“意象”：精神性的观念以及人头

脑中的理智直观物，因此与心外之“言”相异，《说

文》：“意，志也，从心音”。（3）形而上宇宙论的“真
意”（这在很大程度上是超越于言意的）：支配宇宙

万物的根本规律，即道家所谓之“道”，如《老子》所

说：“道可道，非常道。名可名，非常名”，又如“吾

不知其名，字之曰道，强为之名曰大”（《老子》二十

五章）[5]，即是一种不可言说的形而上之道，是人
类认识的终极。而庄子的言意观便继承于其道“无”

本体论，“道不可言，言而非也”（《庄子·知北游》）

[6]。因此，庄子的言意观涉及语言的逻辑形式与义
理内涵（语言哲学）、心中意念与心外言语（心灵哲

学）以及得道与言语（言道之辩）这三个层面。

结合上述分析，不难发现，二者存在着所谓“知者不

言，言者不知”(《老子》五十六章、《庄子·知北游》
)[7]的二律背反或“言道悖论”，即道（意）不可言、但
又不能不说。因为意一旦被言说就被规定为一个有限

的存在者，而如果不加言说其丰富内涵无法窥见，从

而成为一个自在的绝对之物。那么，庄子是如何处理

“言”和“意”二者间张力的？其真的诚如一些批评者

所指出的那样“忘言、去言乃至于绝言”吗？针对上

述问题，本文立足《庄子》文本进行考察，其安排如

下：第二节我将对庄子言意的相关论述进行梳理，并
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指出庄子言意观“言不尽意-得意忘言-超越言意”的
三重逻辑；第三节将聚焦于庄惠“濠梁之辩”寓言，来

进一步例证这一方案对庄子言意关系的解释有效性，

最后我将指出该思想的后世回响，并从中西比较的视

角出发，做一些延伸思考。

2庄子“言意观”的三重逻辑

2.1出发点：言不尽意
庄子首先通过对沉湎经书进行批判，在语言哲学

层面阐明：尽管语言形式具有表意的功能，但无法完

全传达圣人之意的内容，因而突出“意”的首要性，

如“书不过语，语有贵也。语之所贵者，意也。意之

所随者，不可以言传也”（《庄子·天道第十三》）[8]，
因而世人只得“贵其非贵”。接着，其用“轮扁祈轮”

的寓言进一步说明“得之于手而应之于心”的精妙之

道“口不能言”，即有些“意”无法“言”。言有尽

而意无穷，真正的“意”是不可传授的。这是因为一

方面圣人已死，即在“意”之主体已然非存在的情况

下，留下的言显然无法完全通达圣人本意；同时，从

历时性思考，“言”在时间中绵延，面向未来所敞开

之“意”也会因所处境遇不同而有着多种可能朝向。

此乃言意观的第一层，即“言不尽意”。

2.2实现路径：得意忘言
“荃者所以在鱼，得鱼而忘荃；蹄者所以在兔，得

兔而忘蹄。言者所以在意，得意而忘言。吾安得夫忘

言之人而与之言哉？”（《庄子·外物第二十六》）[9]。
同获兔可丢蹄（套索）和得鱼可弃荃（竹篓）一样，

只要把握住了“意”，“言”不过只是通达于“意”的

方式、工具和手段。借用韦伯的话说，“言”处于工具

理性的地位，而作为价值理性之“意”的表达才是庄

子所看重的，这同样也是庄惠二人多次辩论的立场分

歧。此处得意忘言之人即得道之人，正如成玄英所说

“鱼兔得而忘荃蹄，玄理明而名言绝”[10]。所忘的
是“小言”“俗言”，值得追求的应是“大言”“至言”

即天道。反过来说，若只拘泥于“言”的现象层面则

不利于把握事物“意”之本质，便无法通达天道。因

此“言由意生”，“意”是根本，应当“得意忘言”。

2.3最终朝向：超越“言意”
可以言论者，物之粗也；可以意致者，物之精也。

言之所不能论，意之所不能察致者，不期精粗焉”（《庄

子·秋水第十七》）[11]。言论即一种知性概念的表
达，而意致则倾向于一种理智直观。“精粗”所描述

的是物，是形而下的论域，而道是“物物而不物于物”

者。借用西方经验论者话说，“不期精粗”是物本身

内在所固有的第一性质，而“物之精粗”是事物与主

体发生关联的第二性质。因此，可以言论和意致的世

界，也即可用人之感性知性能力所把握的，其实仍处

于“名言之域”，即合于人道的方内；而不可以言论

意至的“不期精粗”的“超名言之域”，才是合乎天

道的方外之境。

如此，两个领域似乎界限分明，那么如何实现从“言

意”的经验层面上升的超验之大“道”呢？在庄子看

来，从“意”的角度，要以“虚静”“无待”来体道悟

道，即所谓“心斋”“坐忘”的方法论或工夫论来“去

知”“去己”，从而实现“与道合一”；而从“言”的角

度，则要采用非同寻常的方式“言不可言（者）”。庄

子指出当时言语的困境为“以天下为沈浊，不可与庄

语。以卮言为曼衍，以重言为真，以寓言为广。”（《庄

子·天下》）[12]钟泰先生注曰：“‘庄语’，正言也”
/[12]。只有用并非庄重不苟、正襟危坐的言论“寄言
出意”，才可曲径通幽、言不可言。“三言”即寓言

（借象征性的语言来引发联想或类比）、重言（通过肯

定否定、揶揄调侃固化名人之言）、卮言（“语义滑转

不定、随说随扫以破除成心的语言”）[13][14]。实际
上，从现代语言哲学或修辞学来讲，“三言”的本质是

隐喻，通过表面说 A1来引发 A2, A3…An来揭示本
体和喻体的关系，而这正是中国文化独有的求道（真

理）的方式。

3“言意”张力下的庄惠“濠
梁之辩”

在先秦哲学中，注重讨论言意关系以及名实关系

则首提名家，其中，以公孙龙子与惠施最具代表性。庄

惠之交与之辩历来是庄子哲学中研究的一大重点，因

为“惠施是内七篇中提到的唯一和庄子对话的人物”

[15]。庄惠之辩主要出现于《逍遥游》《德充符》与《秋
水》三篇，并且诸篇皆以惠施之问答收尾。其中，《逍

遥游》中的“大瓠之種”“大树樗”所涉及的主要是

无用与有用之辩，而《德充符》中同样主要讨论天情

与人情、德行与性命，两则辩论与言意主题联系并不

紧密。“濠梁之辩”历来被学者所重视和讨论，但诸

家在一定程度上忽视了言意观的视角。因此，下文我

将结合第二节中庄子言意观的三重逻辑，来从言意张

力的视角切入该篇。

3.1“濠梁之辩”何以体现“言不尽意”？
具体来说， “濠梁之辩”的“言不尽意”之张

力体现在以下方面：其一，若将整个篇章视为一个整

体，其同样向读者传达了不同于表面可视的文字之言
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（对话的逻辑结构）的话外之话、弦外之音（寄托或

隐喻的义理）。其二，双方在濠上试图通过对话或论

辩等“言”的形式，试图使得此心之“意”跃出自身

的局限，切入他者的彼心。一人之“言”何以“尽”

他人之心，此即心灵哲学中的所谓“他心问题”。与

庄子以齐物立论、追求人与人、乃至人与鱼等有生之

灵的经验互通不同（即“主体间性”），惠子则秉承

“言”所传达之“意”完全依赖于主体这一逻辑前提，

因而“我非子，固不知子”，实质是坚持不同主体之

心灵难以完全通达。两人预设立场的分歧也造就了言

意不可通达。

3.2惠子的“执拗于言”与庄子的“得意忘
言”

语言是意义的符号，而意义由思想所构成。惠子

秉承一种“察”“辩”分析的科学精神，对庄子有感物

情而所叹鱼乐之“意”进行质疑，庄子起初跟随惠子

的逻辑后来又言“请循其本”，回答“知鱼之乐”的

来源是“知之濠上也”。这看似是转移话题或不合逻

辑的机智婉语，实则是庄子的所谓“卮言”。因为他

发现惠子即言说主体固执于“言”，而其一旦有所执

念，丢不掉维特根斯坦意义上的“梯子”，陷于技术理

性的窠臼，便无法上升到形而上境界。正如冯友兰所

说，由每个人语言所表达的思想皆源于其自身“特殊

的有限的观点所形成的意见”，而有限即意味着片面，

意识不到这一点，便自以为是、以别人为非 [16]。双
方立场不同、思维方式不同、针对的问题也相异，如

此在“言”上争辩没有任何价值。正如庄子假借公子

牟批判公孙龙所说：“子乃规规然而求之以察，索之

以辩，是直用管窥天，用锥指地也，不亦小乎？”（《庄

子·秋水》）[17]语言本来由人产生，但又反过来重
新规训人，这在一定程度上也造成了“异化”。而要

扬弃异化，必须“得意忘言”。

3.3惠子的形下“言意”之困境与庄子的超
越“言意”之境界

在《天下篇》中，庄子认为“惠施多方，其书五车，

其道舛驳，其言也不中。”（《庄子·天下》）[18]，其所
提倡的“历物十意”主张以“合同异”来辨物，是一

种类似近代科学的纯学术的认识论，不涉及方和术，

与庄子所强调的“内圣外王”之道大相径庭 [19]。身
为一国之相的惠子既不追求治国安邦的谋略，也不关

注社会伦理道德问题，而只“专决于名”，也由此引发

了上述的“言意”之困境。郭象也指出：“累于形名，

以庄语为狂而不信，故不与也。”[20]哲学的使命正
在于说不可说，惠子的“以物观之”恰恰是庄子所推

崇的天道之整全“以道观之”所批评的。因为“道”

不是“物”，其是包含一切规定性的整全或大全，从经

验层面试图对“道”具体化的同时也使之片面化，正

如作为原初整全的混沌被凿七窍而死（《庄子·应帝

王》）[21]。这也是上世纪西方逻辑实证主义试图找到
一种万能的理想技术语言以及先秦孔子尝试“正名”

失败的原因。正如海德格尔所说，“语言是存在的家”，

而语言总是在说什么，即对象化的语言反而遮蔽了此

在的真理（道），语言便丧失了本质 [22]。因此，与
惠子限于形而下的实用层面不同，庄子则追求的是语

言“即言即道”的自由本真之逍遥境界。

4结论

综上所述，本文得出以下三点结论：第一，言意关

系是庄子哲学的重要议题，《庄子》文本的言意张力

主要体现在语言的形式与内涵、心中意念与心外言语

以及言语和达于天道这三个维度。第二，庄子并非完

全反对一切言语，而是强调语言的界限，突出从“言

不尽意”这一现实境遇出发，经由“得意忘言”的实

现路径，最终朝向超越“言意”的达道境界这三重逻

辑。这表面是不可知论，实则是可知论；第三，从言

意观这一崭新视角切入“濠梁之辩”的文本，我们发

现庄子对真意即“道”的把握并非是通过一般经验层

面的感性、知性或理性认识方法的“以物观之”（惠

子所做的），而是凭借非逻辑的直觉体悟和“天人合

一”的超验体验即“以道观之”来实现的。介于文章

篇幅所限，本文无法过多展开，但由此引出的以下三

个问题值得进一步探讨：第一，从老子与庄子的角度；

尽管二者在反对言说道立场上一致，但由于二者关切

点的不同（宇宙论和人生哲学），对道家学派内关于

体“道”方式，即老子“玄言”与庄子“三言”“非庄

语”的细分差异值得进一步比较。第二，从儒家与庄

子的角度；面对复杂的政治环境，孔子通过“微言大

义”“春秋笔法”以一种“迂回”的方式来阐发圣人之

意，而这与其所推崇的《周易》的“立象尽意”方法论

关系密切。儒道两家似乎面对不可言都采取了相似而

又不同的路径。同时，对庄子中的“意象”论也有待

进一步分析。最后，从西方哲学与庄子的角度；无论

是运用现代数理逻辑或者现代语言学“能指”和“所

指”的区分来对庄子言意论证进行重构，还是探讨同

为轴心时代的中国先秦语言与古希腊的“逻格斯”二

者的分野，以及借鉴海德格尔与维特根斯坦对西方现

代哲学语言的话语批判，并且分析由此带来的中西文

化、思维方式差异的起源，都值得进一步思考。此外，

正如张默生所说，“三言”是“庄子的钥匙”[23]。庄
子的“三言”问题同样值得澄清。
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