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Figure 1: We introduce a novel approach to GPU-based interactive procedural generation of the constitutive elements of large- scale environments. This scene ... 
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Figure 1: We introduce a novel approach to GPU-based interactive procedural generation of the constitutive elements of largescale environments. This scene comprising 116K buildings and 561K trees is edited, generated and rendered at 7-12fps. Abstract GPU Shape Grammars provide a solution for interactive procedural generation, tuning and visualization of massive environment elements for both video games and production rendering. Our technique generates detailed models without explicit geometry storage. To this end we reformulate the grammar expansion for generation of detailed models at the tesselation control and geometry shader stages. Using the geometry generation capabilities of modern graphics hardware, our technique generated massive, highly detailed models. GPU Shape Grammars integrate within a scalable framework by introducing automatic generation of levels of detail at reduced cost. We apply our solution for interactive generation and rendering of scenes containing thousands of buildings and trees. Categories and Subject Descriptors (according to ACM CCS): F.4.2 [Mathematical Logic and Formal Languages]: Grammars and Other Rewriting Systems; I.3.5 [Computer Graphics]: Computational Geometry and Object Modeling; I.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism; I.6.3 [Simulation and Modeling]: Applications; J.6 [Computer-Aided Engineering]: Computer-Aided Design (CAD)



1. Introduction Modeling the massively detailed environments used in current video games and films requires intensive artistic input. These complex geometries can sometimes be handled in real-time, to the extent of the available graphics memory. However, in movie post-production the creativity is often restrained by the lack of interactive feedback. The elements of complex scenes are often modeled independently, and assembled using rough representations to preserve interactivity. Specific preprocessings and out-of-core schemes are then required for visualization. Procedural modeling reduces user interventions by exploiting the repetitive patterns typically present in buildings, c 2012 The Author(s)
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cities and organic shapes. Instead of explicitly modeling the scene elements, the artist selects a procedure describing the construction rules for a family of objects. Using a collection of elementary (possibly high definition) shapes provided by the artist, the geometry of entire families of objects is generated automatically. However, modifying a single generation parameter may require a costly regeneration of the entire object. This issue scales with the size of the environments: cities or forests comprise many objects generated from a small set of construction rules. Modifying a rule then involves a full generation and storage of all the related models (Figure 2a), resulting in delays in the design workflow. Furthermore, the memory occupancy of many fully detailed objects quickly rises to prohibitive levels.
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(a) Classical generation pipeline



(b) GPU Shape Grammars Figure 2: GPU Shape Grammars map procedural modeling techniques to the requirements of graphics hardware. We compile the grammars into an efficient structure for fast expansion of the rules. The expansion generates a lightweight intermediate representation of the object structures. The geometry is then generated on the fly without explicit storage.



We take a new approach to real-time procedural modeling and rendering of complex environment elements, avoiding explicit geometry storage (Figure 2b). Our method expands construction rules at run time using hardware geometry generation. Its easy integration brings the advantages of procedural modeling within the reach of real-time engines. In Section 3 we introduce GPU Shape Grammars and discuss a generic pipelined architecture for the generation of highly detailed models (Sections 4 to 6). We apply our approach to buildings and vegetation (Section 7) and propose a full-featured scheme for dynamic generation of seamless levels of detail for interactive editing and rendering of massive environments (Sections 8 and 9). 2. Technical Background This section focuses on previous work most related to our contributions. A thorough state of the art analysis can typically be found in [WMWF07]. Prusinkiewicz and Lindenmayer [PL90] describe the use of L-Systems [Lin68] for vegetation modeling. Based on observations of real plants, the growth of each species is described by a grammar. Families of distinct plants can then be obtained by expanding the grammar using a small set of parameters describing each individual. Levels of details can also be generated [LCV03].



Procedural modeling also finds a particular use for architectural modeling [WWSR03, MPB05]. In most approaches [MWH∗ 06, MGHS11] the high-level structure of the buildings is modeled using a set of rules and parameters, while artists provide the shapes of the constitutive elements of the facades. Each facade is then a set of assembled elements. While effective, the evaluation cost of the grammar rules might prevent interactive editing and rendering of complex models. Also, the full geometry of the generated sceneries often has to be stored prior to rendering. The approach of Lipp et al. [LWW10] is based on an intermediate representation of the grammars after a derivation step. This representation expresses a generic expansion for a fixed number of iterations. Then the interpretation stage traverses it to generate the geometry. While this technique exhibits parallelism for derivation and interpretation of multiple L-System grammars, it requires full regeneration when changing the number of iterations, and storage of the intermediate structure. Conversely, our approach considers unconstrained numbers of iterations for any object, trading code optimization for generic solution, while leveraging parallelism. Another approach to avoid the explicit storage of expanded geometry is to delay the generation until the rendering stage. Haegler et al. [HWA∗ 10] and Marvie et al. [MGHS11] introduce specific grammar representations for fast generation. For each pixel these techniques lazily perform the grammar derivation for each visible façade element. In [HWA∗ 10] facades are assembled from simple 2D textures representing the elements, with no conditional and stochastic rule support. The approach from Marvie et al. [MGHS11] is based on more general rules and ray tracing of geometry images [GGH02] representing façade elements, providing higher visual quality. These techniques effectively reduce the generation time and provide interactive performance even with massive models. However, they are heavily fragmentbound and do not support component split operations. 3. Procedural Pipeline Existing techniques are usually based on iterative geometry refinements. In counterpart, the efficiency of the graphics pipeline comes from a highly parallel, stage-based structure carrying specialized information. We then reformulate grammar expansion for efficient procedural generation on graphics hardware. Based on Chomsky grammars [Cho65], our solution supports both growth and reduction operations and is usable for most purposes of procedural modeling. As shown in Figure 2 our approach is composed of a rule compiler, a rule expander and a terminal evaluator. Rule Compiler This CPU-based stage extracts a generic expansion graph from the rules and converts it into a interpretable rule map. The run-time behavior of the rules is extracted and combined with a generic rule map interpreter, c 2012 The Author(s)
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yielding a grammar-specific GPU expression-instantiated interpreter. The grammar parameters are packed into a parameter map for fast access. Rule Expander Our GPU interpreter traverses the rule map according to the input parameters. The output of the traversal is a lightweight set of terminal symbols describing the object structure. Terminal Evaluator This stage performs GPU-based geometry generation based on the terminal set. The evaluator fetches the geometric description of each terminal and generates terminal geometry. The geometry is then directly rendered without storage.
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