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            Abstract
          
        

        
          
            Purpose:
            The aim of this study is to investigate design automation and generative design cases in the field of construction using artificial intelligence (AI) and generate alternatives using generative design techniques in the planning and early design stages of a building. Previous studies indicate that AI-based design automation techniques can be used to design the paradigm of the existing construction and design field, thus improving the construction productivity. In this study, we have conducted additional research to understand the application of generative design in the planning and initial design stages of buildings to provide research directions for Korean design automation and generative design suitable for domestic situations.

          

          
            Method:
            We have used Autodesk's Revit and Dynamo programs to generate alternatives using generative design techniques. Dynamo is a visual coding program and is used in conjunction with Revit. First, problems associated with attribute classification and methodology are defined. Then, a grid is formed in an arbitrary site.

          

          
            Result:
            Based on the layout design, we have identified three evaluation methodologies, namely building coverage ratio, ratio of the width and length of the building, and number of buildings. In addition, we have created a layout design plan with an optimal alternative. In the future, numerous alternatives can be generated in the conceptual and detailed design stages through additional algorithm modifications and the application of deep learning-based machine learning technologies. Moreover, various evaluation and systemized generative design techniques can also be implemented through the platform.
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      1. Introduction
      
        1.1. Research Background and Objectives
        Artificial intelligence (AI) has emerged as a key driver of the construction industry, and related studies have recently surged in the field of construction research. In particular, various studies on design optimization are underway that are based on AI, data, and optimization theories[1]. They are divided into various sub-areas, such as topology optimization, computer-aided engineering (CAE), simulation, and generative design[2]. However, these studies evolve into research based on generative design, in which AI automatically generates design alternatives unlike humans who take time. In other words, generative design refers to technology in which very many optimal designs are generated based on the purpose of design, constraint types, and their corresponding levels defined by the designer or engineer[3].

        The overall process of generative design in the field of construction can be summarized into three stages[1, 4].

        Stage 1: Problems associated with types of attributes are defined, and the levels based on the types are set.

        Stage 2: Respective topology-optimized designs are generated according to the combination of problem definitions.

        Stage 3: The generated designs are reviewed based on the evaluation criteria and representative designs are selected.

        In the year 2020, the construction industry faced the biggest crisis due to low construction productivity and increasing age of workers. Accordingly, various solutions were proposed[5]. First, in the technical aspect, efforts for automation of construction are underway based on the Fourth Industrial Revolution and AI. In particular, basic research related to design automation is underway in the design field. Second, in the economic aspect, efforts to improve construction productivity have been made by securing a research base at the national level through the development of construction software in South Korea. Finally, in the social aspect, efforts to improvise repetitive tasks with low value addition to solve the aging and evasion problems of construction workers.

        Moreover, AI can be combined with various fields to break the stereotypes of innovation and conventional theories. For instance, AlphaGo, which is an AI program on Go designed by Google DeepMind, competed against humans in 2016 and was the first of its kind to win a Go match against a professional player[6]. This was due to AI that changed the paradigm of Go completely. The AI-based Go program had significant influential power that raised doubts about the conventional Go theories, efforts to destroy them, breaking of stereotypes, and a full-fledged re-examination of human Go games as a whole. Therefore, if AI-based design automation techniques are developed in the construction field, it is expected to revolutionize the existing paradigm of the construction field and dramatically improve construction productivity.

        Moreover, the demand for generative design techniques in the field of construction design has increased with the introduction of AI-based Fourth Industrial Revolution technologies. Accordingly, a number of related studies are underway, including those based on the review and analysis process in the design and construction of automation platforms and systems along with the planning and design field and detailed design field[7].

        The purpose of this study is to investigate the feasibility of using generative design to improve productivity in the field of construction and reduce repetitive and unnecessary work for the aging construction workforce. To this end, previous studies are analyzed, based on which generative design methodologies are systematically classified. Furthermore, the aim of this study is to use a generative design methodology in the process of designing the building layout to create various layouts and evaluate some of them to show the process of selecting better alternatives. Based on this, we can derive the implications for the development of AI, AI-based design automation, and generative design techniques in the construction sector and provide directions for vitalizing future research.

      

      
        1.2. Method and Scope of Research
        AI-based design automation and generative design techniques are the most important techniques for implementing intelligence, knowledge, and automation at the design stage and play a key role in introducing digital transformation in the fields of construction and maintenance.

        In this study, we have analyzed relevant previous studies to understand AI-based design automation and generative design in the construction sector. Furthermore, we have conducted research to understand different ways of using generative design in the building planning and initial design stage to suggest a research direction for South Korea-type design automation and generative design that is suitable for domestic purpose. The directions suggested in this study can be used as basic data for related technical development and research in the future. In addition, they can help to discover related technologies and research topics and set the direction for research.

      

    

    

  
    
      2. Trend of Overseas Research on Generative Design in the Construction Field
      In this study, we have used the Web of Science as a search engine to investigate the overseas research trend, and analyzed and classified 35 studies related to generative design as shown in Table 1. below. Each study is analyzed based on the categories of creative design, detailed design, performance evaluation, and service & platform, and detailed analysis was performed[8].

      
        Table 1. 
				
        

        
          Generative design research analysis
        
        

      

      
        
          
            	[#]
            	Creative Conceptual Design
            	Detailed	Design
            	Performance Evaluation
            	Service & Platform
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          	●
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          ● High Association, △ Associated
        

      

      

      
        2.1. Creative Concept Design
        Studies on creative design are classified into three categories. The first category is the enhancement of algorithms. Various algorithms are applied to generative design, and studies have been conducted to merge algorithms of different fields or enhance existing algorithms in this process. The second category is the use in a preliminary feasibility study. It is a research field in which various conditions at the construction planning stage are examined and the design is implemented. The last category is the extraction of numerous alternatives. Studies have been conducted to consider design constraints as input and rapidly generate various alternatives at the concept design stage.

        Christiane Herr[17] focused on the transition of cellular automata (CA) by limiting the characteristics of CA according to the requirements of construction design and analyzed the application process of CA as a design tool. This process uses generative design techniques using non-deterministic design tools, which include changes in CA rules, changes in cell shapes, consideration of site context, adaptation to a specific design scale, interpretation of results in an abstract approach, and conceptualization of CA.

        Abdullah AlOmani[31] developed a novel methodology to automate the generation of thematic architectural layout designs inspired by images of nature. This methodology used image processing to segment nature-inspired images and applied boundary extraction algorithms to generate each region. Furthermore, spatial regions were optimized to maximize the architectural layout function.

        Woojae Sung[41] proposed a method of automating the building layout at the site using a grid-based cellular system. The calculations performed in this method are characterized by low cost and time, thus allowing users to expect very fast real-time calculation results. Furthermore, since there is no need to predict the result and make assumptions, the user can obtain automated building layouts instantly. This has the advantage of exploring many design alternatives in a short time.

      

      
        2.2. Detailed Design
        Studies on detailed design are classified into three categories. The first category is detailed design. Adequate research has been conducted on the techniques of (semi-)automating detailed designs based on the basic design using generative design methods. The second category is design automation research for specific parts. Studies have been conducted to use generative design methods for certain parts, such as the façade or layout of buildings. The last category is research on atypical design that can be implemented based on visual programming languages and graphical algorithm editors used in three-dimensional modeling.

        Asli Agirbas[28] investigated the three principles (separation, alignment, and cohesion) of swarm intelligence for possible use in automated architectural design and façade design. The script was composed using Grasshopper software, which is a plugin for Rhino. Based on its flow, the script can be divided into a user-defined part (morpho-dynamic part) and an automated part (morphogenetic part). Various inputs can be defined according to the designer’s expertise in the user-defined part, based on which a façade model is generated in the automated part.

      

      
        2.3. Performance Evaluation
        Studies on performance evaluation are classified into three categories The first category is environment-related evaluation, and adequate research has been conducted using generative design techniques to evaluate the structure, building energy, noise, daylighting, and wind corridor. The second category is the review of architecture-related laws. Since various legal criteria, such as daylighting, distance between apartments, floor area ratio, and building coverage ratio can be mathematically formulated, extensive research has been conducted on the method of linking them to design. The last category is design and constructability evaluation. Research has been conducted to judge and evaluate the consistency of data in design and space-time and improve constructability.

        Kyung Sun Lee[2] developed an algorithm that automatically generates various shapes of the building façade using genetic algorithm methods and Voronoi and Delaunay surface-partitioning methods. By combining this algorithm with the daylighting performance evaluation method, a methodology to generate various shapes of building façade considering the performance of AI was also proposed.

      

      
        2.4. Service and Platform
        The scope of service and platform-related research includes the standardization of information, deployment of decision-making service, and provision of a building information modeling (BIM)-based integrated platform.

        Jiansong Zhang[21] proposed a novel integrated automated compliance checking (ACC) system for semantic natural language processing. Ioannis Chatzikonstantinou[22] proposed a decision support framework to process design preferences. Since this model provides high-performance design solutions that satisfy the preference for physical properties, the design problem can be solved in a desired way by the decision-maker.

      

      
        2.5. Sub-conclusion
        Based on the description in Section 2, we have identified that generative design methods are planned, applied, and used in a variety of fields, such as BIM (Revit, Rhino), visual programming (Dynamo, Grasshopper), and algorithm development in the architectural design process. In the creative conceptual design field, particularly, relevant studies are conducted to create relatively diverse alternatives based on parameters faster based on AI and automation methods.

        Therefore, in this study, we have focused on developing an algorithm that generates numerous design results rapidly in the process of designing the layout concept of buildings. The goal is to provide a method in which the algorithm generates various alternatives while evaluating designs, thus combining the generative design algorithm with the performance evaluation methodology.

      

    

    

  
    
      3. Research on Building Layout Design Algorithm Configuration
      In this study, we have used Autodesk’s Revit and Dynamo programs to generate alternatives using the generative design technique in the planning and early design stage of buildings. Dynamo is a visual programming program and is usually used along with Revit. Unlike common programming languages, Dynamo has the characteristic of using visual elements so that users who are not familiar with programming languages and can write algorithms that computers can understand.

      In this study, therefore, we have used this program to build a methodology for defining problems in the generative design technique, based on which various layout design alternatives were generated. Finally, we chose a representative design based on the evaluation criteria among numerous design alternatives.

      
        3.1. Defining Attribute Classification and Methodology for Problem Definition
        The design layout algorithm for the concept stage was implemented by dividing the task into four steps as shown in Step 2 in Fig. 1. The first step is the site selection. The most commonly used dimension is 10 × 10 m, which is a basic criterion. Second, 441 arbitrary transparent points (21 X 21) are placed in the form of grids in the site as shown in Fig. 2. Third, an algorithm was created to select four points randomly from the 441 arbitrary points. Finally, a square of 500–3,000 mm is created at each of the four points, and they are combined to create a layout alternative.

        
          
          

          Fig. 1. 
				
          

          
            Research methodology
          
          

          

        

        
          
          

          Fig. 2. 
				
          

          
            Methodology based on grid division
          
          

          

        

        Furthermore, with respect to the designation of building lines in Article 46 of the Building Act, we have added an algorithm to connect two points retracted by a certain distance from the intersection point of the road boundary line, which is the border of the corner of the site. This is to apply the most basic part of the legal conditions, and the possibility of various conditions that will be added in the future were examined.

      

      
        3.2. Generation of Layout Design Alternatives
        Fig. 3. shows the output of random result values for concept design alternatives based on the design automation algorithm. The number of results can be hundreds to thousands, as configured in the algorithm. Some result values, among countless alternatives, show design characteristics similar to those generated when actual designers and architects perform conceptual designs on a typical site.

        
          
          

          Fig. 3. 
				
          

          
            Basic results through random output generative design
          
          

          

        

        Additionally, an algorithm was added to calculate the building coverage ratio. Based on this, alternatives with low and high building coverage ratios are arranged as shown in Fig. 4. The building coverage ratio refers to the area occupied by the land relative to the site area. By adding this value to the algorithm, a difference in design according to the building density can be identified. In other words, it can be seen that the alternatives with low building coverage ratios have relatively monotonous shapes. In contrast, the alternatives with high building coverage ratios have diverse shapes, such as “ㄱ,” “ㄴ,” and “ㄷ”.

        
          
          

          Fig. 4. 
				
          

          
            Design output according to the difference in building coverage ratio (left: low, right: high)
          
          

          

        

        Next, an algorithm was added to find the horizontal and vertical lengths of the buildings, and then the sum in each direction was computed to represent them as a ratio. This is used as a criterion for distinguishing buildings that are long in the north-south direction as opposed to building that are long in the east-west direction. Fig. 5. shows the results with high and low aspect ratios according to the algorithm. It can be seen that the long buildings in the east-west direction have more area facing the south, which has the most solar radiation, and those in the north-south direction are favorable for the formation of wind corridor.

        
          
          

          Fig. 5. 
				
          

          
            Design output according to the difference in aspect ratio of the building (left: low, right: high)
          
          

          

        

        Finally, the design results of the buildings were extracted according to the difference in the number of masses as shown in Fig. 6. below. A rectangle corresponding to each point was set as a single mass. When the areas were shared with each other, the number of masses were recognized as one. In this study, an alternative with many masses is represented in the form of four buildings without overlapping rectangles. As a result, the number of masses increases, and the direction of buildings is relatively insignificant in terms of environmental performance, and relatively diverse shapes are produced in the results.

        
          
          

          Fig. 6. 
				
          

          
            Design results according to differences in the number of buildings (left: low, right: high)
          
          

          

        

      

      
        3.3. Selecting Evaluation Criteria and Representative Designs
        The generative design method can generate countless alternatives randomly, but it can also produce alternatives with optimized results of the desired items based on various evaluation criteria and control conditions. The six items shown in Fig. 7 below can be used as evaluation criteria: building area, building coverage ratio, the number of buildings, aspect ratio, and total perimeter length. Based on these criteria, alternatives with a low building coverage ratio (high utilization rate of the surrounding land), a relatively high aspect ratio, and large number of masses (diversity) were extracted as shown in Fig. 8.

        
          
          

          Fig. 7. 
				
          

          
            Derivation of results based on the setting of evaluation criteria
          
          

          

        

        
          
          

          Fig. 8. 
				
          

          
            Comprehensive design output (appropriate for building coverage ratio and high aspect ratio with a large number of south-facing locations)
          
          

          

        

      

    

    

  
    
      4. Conclusion
      In this study, we reviewed previous studies by classifying generative design techniques that are used and studied in a variety of ways, and then implemented a basic generative design technique that can be used in the conceptual design stage to generate various alternatives. The results presented in this study are summarized as follows.

      (1) Previous studies on generative design can be classified into four categories: creative concept design, detailed design, performance evaluation, and service and platform.

      (2) According to previous studies, AI-based design automation methods can revolutionize the paradigm of the existing construction and design fields and dramatically improve construction productivity. In particular, when 35 items from a previous study were compared, it was found that generative design techniques were the most advanced in the field of creative conceptual design.

      (3) The implementation of generative design technique in the conceptual design stage was conducted based on three steps: (1) defining attribute classification and methodology for problem definition, (2) generation of layout design alternatives, and (3) selecting evaluation criteria and representative designs.

      (4) In terms of methodology, we used a method of dividing the zone with grids and generating and combining arbitrary rectangles in the zone. Numerous alternatives were generated through the basic methodology, and three criteria (building coverage ratio, building aspect ratio, and number of masses) were chosen to evaluate the results.

      (5) The minimum and maximum values were selected in detail for the three criteria, based on which layout designs with optimal alternatives were generated.

      Using previous studies and generative design techniques, we constructed a relatively simple methodology and generated numerous design alternatives. Then, we extracted optimal alternatives from many alternatives based on the evaluation methodology.

      In the future, numerous alternatives can be generated at the concept and detailed design stage by modifying the algorithms and applying deep learning-based machine learning methods. Furthermore, generative design techniques can be applied and used systematically through platforms using various evaluation methods.

      The purpose of this study was to examine the applicability of the basic concept of generative design in the building layout process. The algorithm based on the procedure was implemented using a visual programming method. As a result, we have confirmed that the algorithm can perform various designs that can be created in the actual layout design process. Furthermore, by applying the evaluation methodology, we confirmed the feasibility of separately extracting alternatives according to the criteria of building coverage ratio, aspect ratio, and the number of masses. However, the limitation of this study is that relatively simple algorithms were used. For the ease of applying algorithms, we selected a simplified site of 10 × 10 m and considered rectangles of 500–6,000 mm, which were as small as architectural spaces. Some elements that are essential in the actual layout design process, such as the building function, path planning, and layout of functions inside the site, as well as external criteria of the site, were not considered. However, they can be included in follow-up studies. It is also necessary to analyze various laws, regulations, and design criteria, which should be considered in the construction process, and add them to the generative design algorithm. Furthermore, additional research is required to add functionalities to consider and set the relationships between various relational variables. One of the problems of this study is that it is configured to draw only parallel lines when creating rectangles on the site. Thus, shapes of diagonal lines cannot be produced for the site. It is expected that more optimized alternatives can be generated according to the designer’s intention by diversifying and refining the items of the evaluation criteria.
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