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DEVELOPMENT OF AN INTERACTIVE DESIGN TOOL FOR THE EVALUATION OF PEDESTRIANS THERMAL ENVIRONMENT
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The development of an interactive design tool for construction and urbanism is presented. It is constituted of a Virtual Reality platform including technical evaluations. Among them, thermal comfort in outdoor spaces is evaluated, using the Physological Equivalent Temperature. The hypothesis, computations procedures, and general architecture are presented.

Introduction 1.1 The context : the Virtual Reality at CSTB

The French public Establishment for Building Research (CSTB) launched, three years ago, research projects aiming to develop innovative workspace technologies, in order to contribute in improving the overall process of building design and construction. In particular, the Divercity project [START_REF] Coudret | Divercity : A VR application for the Construction Industry[END_REF] addresses the three building construction phases : Client briefing (with detailed interaction between the architect and the client), design review (which requires detailed input from multi-disciplinary teams of architects, engineers and designers), construction.

In this context, the objective of the research is to produce a « Design Review Workspace », (DRW) which should allow in particular: 1. to improve the co-ordination and communication between the different project partners and stakeholders around a visual, and thus intuitive, 3D representation of the planned construction ; 2. to evaluate the design, very early in the process, in regards to different constraints (architectural, technical, financial, environmental, etc.) since VR tools allow the design team to have a quick and high quality feedback on the project ; 3. to play what-if scenarios during the detailed design phase, in order to assess the proposed solutions from different technical points of view (structural, thermal, lighting, etc.).

At the moment, the technical domains related to the DRW includes both the indoor part of the buildings: acoustics, thermal comfort, and lighting, and also the outdoor spaces, with acoustics, lighting, climatic ambiances (thermal and aerodynamics), air pollution, façades dirt.

In this paper, we will focus on the evaluation and the representation of the thermal environment in urban spaces.

Thermal environment in urban spaces

Each person, in a public space, has an individual perception of the thermal environment, depending on its activity, physiology, psychology, clothing, and so on… On the other hand, the micro-climatic parameters which influence the thermal sensation are well-known : temperature and humidity of the air, wind speed, solar and infra-red radiation received by the individual. So, number of indices, taking into account the whole effects, have been proposed in order to globally characterize the outdoor thermal environment.

The present objective is to help designers, architects, urbanists, decision-makers, to evaluate the consequences of their choices (morphology, materials, colours, etc….) on the thermal environment as it can be experimented by pedestrians in a urban space. So we need to characterize the thermal environment in a simple way, related to the human perception, easy to understand even for non-expert persons, with possibilities of visualization, and if possible recognized as a « standard » by the scientific community.

The notion of equivalent temperature, associated with a physiological model seems to fulfill these requirements. Among the indices of this type, the Physiological Equivalent Temperature (PET) [START_REF] Höppe | The Physiological Equivalent Temperature -A universal index for the biometeorological assessment of the thermal environment[END_REF] has been chosen as the descriptor of the thermal environment for a pedestrian in an urban space. It is defined as the air temperature in given indoor conditions (air velocity, humidity, radiation) which would lead to the same physiological reactions as experienced in the real oudoor environment. The PET is already recommended in a german guideline for urban and regional planners [START_REF] Vdi | Methods for the human-biometeorological evaluation of climate and air quality for urban and regional planning[END_REF].

The PET is not a comfort index, it is a microclimatic parameter which takes into account all the physical components of the thermal environment as it can be felt by a « standard » person.

In this way, it is independant of individual behaviours, but each person can be able to interpret it in terms of comfort as it refers to a classical indoor environment.

The computations procedure

General architecture

For a given architectural or urbanistic project, and given regional meteorological conditions, the computations must deliver the field of PET values inside the outdoor parts of the project, at pedestrian level. This field is then interpreted for VR visualization. The interactivity condition is a very strong constraint for the method, as it demands, either high speed computations, either storage of numerous pre-computed PET fields.

Computing the PET value at one point necessitates to know: air temperature and humidity, characteristics of the wind, solar and infra-red radiations received by a human body at this point. The challenge is ambitious because all these characteristics are linked. For instance, the IR radiations depend on the wall temperature, which interacts with wind field and air temperature.

Recently, some research groups have used computational fluid dynamics for the evaluation of the thermal environment inside urban sites [START_REF] Yoshida | CFD prediction of thermal comfort in microscale wind climate[END_REF][START_REF] Vinet | Contribution à la modélisation thermo-aéraulique du microclimat urbain[END_REF]. The equations of radiative and thermal transfers, as well as fluid mechanics are known and resolution methods are now currently used, even if the debate is still widely opened, particularly on the question of the turbulence modelling. However, solving the whole system of coupled equations demands a lot of computer time. In consequence, these methods still belong to the research domain and cannot be envisaged for an interactive VR system. Then, our researches have been directed towards the possibilities of simplifications, but nevertheless, with a maximal integration of the scientific knowledge in this matter. At the conclusion of some parametric sensitivity studies, some drastic hypothesis seem to be acceptable in regard of the application, and also in regard of the incertitudes which still stand in some aspects of the complete coupled resolution method.

Then, the following hypothesis are adopted for the computation procedure :

uniform field of air temperature and humidity inside the space under study wind effects on the walls and the pedestrians evaluated either by empirical convection coefficients for low wind speed cases, either by adiabatic computations (non-coupled with the temperature field) with different pre-computed scenarios for moderate and high wind speeds. -monodimensional heat transfers through the building walls and in the soil.

On the other hand, when fast computing is possible, physical equations are solved, namely the thermo-radiative part : Infra-red and radiative transfers through the space, coupled with heat transfers through the walls and the soil.

The software is conceived in a modular form in order to keep the possibility of integrating new developments or models the further they are developped. The figure 1 shows the diagram of the articulation between the modules. The following paragraphs detail the input/output for each of them, as well as the treatment performed. 

The climatic module

This module intends to generate climatic data, at the local scale, at the frontier of the project (at roof level), in order to get boundary conditions for the micro-scale models used inside the urban space. It generates realistic hourly series of wind speed and direction, air temperature and humidity , solar radiation and cloudiness in function of the site location, the period of the year, and characteristics of the period as chosen by the user . For each of the following parameters : wind speed, air temperature, humidity, solar radiation, the user can decide to evaluate a normal period, or to consider, low or high values of one parameter.

The software CLIMAT [START_REF] Sacré | Modélisation du climat en journées météorologiques types en vue des applications énergétiques[END_REF] is the kernel of this module. The climatic data series are generated considering a correspondance analysis for the whole variables, along with their probability density and autocorrelation fonctions.

The data generated by CLIMAT correspond to a standard terrain case. To obtain values at roof level on the site, corrections are brought, to take into account the effects of urbanization: friction of buildings on the wind flow field, mixing height, heat island,… Empirical results relevant to urban climatology (for instance, see references [START_REF] Escourrou | Le climat et la ville[END_REF][START_REF] Calvet | Climatologie de la région parisienne, Données et Statistiques[END_REF][START_REF] Kuttler | International Conference on Urban Climatology (ICUC '96)[END_REF][START_REF] Jauregui | Heat island development in Mexico City[END_REF][START_REF] Spellman | The urban climatology of Barcelona -an ideal heat island model?[END_REF][START_REF] Cermak | Wind Climate in Cities[END_REF]) are used for this correction.

The aeraulic module

This module computes both convection coefficients at the surfaces (building walls and soil) which contribute to the surface temperature evaluation, and convection coefficients for the thermal balance of pedestrians. The project geometry and topology, the wind and temperature data series, given by the climatic module, constitute the inputs of the module.

The method of evaluation of the convection coefficients depends on the predominance of thermal or aerodynamic phenomena. That is why we separate the cases of low wind speed, and the cases of moderate or high wind speeds.

Low wind-speed cases

For low wind-speed, thermal effects become preponderant and produce air displacements. The numerical simulation of such flows is difficult, because of the high level of coupling with the thermal equations, and of the turbulence modelling uncertainties, so that the obtention of numerical convergence is very time-consuming.

Then, in this case, we deduce the convection coefficients from empirical relationships. The convection coefficients at walls depend on a local reference wind speed [START_REF] Perraudeau | Contribution à l'étude expérimentale de la convection le long d'un mur extérieur de bâtiment[END_REF] which includes turbulence characteristics. Database on wind environment could be built in order to take into account the building effects. Such a data base is already proposed by Visser et al. [START_REF] Visser | KnoWind : a database-oriented approach to determine the pedestrian level wind environment around buidings[END_REF]. When wind speed and turbulence are neglictible, empirical relationships depending on the difference between air and wall temperatures have to be used [START_REF] Inard | Contribution à l'étude du couplage thermique entre un émetteur de chauffage et un local[END_REF]. For the thermal balance of pedestrians, constant values of the convection coefficient are used as it is mainly function of the pedestrian movement [START_REF] Sari | A new dynamic clothing model. Part2 : Parameters of the underclothing microclimate[END_REF].

Moderate and high wind-speed cases

In this situation, the convective effects play a major role in the thermal balance of the pedestrian, and then the different systems that the architect will have to imagine in order to improve the thermal comfort will essentially interact with the wind field : openings, windbreaks, height of the building. Then the wind field computation must be able to estimate reverse flows, wakes behind buildings or wind protections. CFD computations, solving the Navier-Stokes equations are able to estimate such effects but at present, several hours are needed in order to get the wind field.

So the researches in 2002 will go towards simplification, and particularly on the following topics:

1/ Grid generation : Multi-blocs, non-conformal meshes allow to change an element of the site without need to mesh again the whole computation domain. Moreover unstructured grids allow automatic generation. The final objective is to generate automatic grids in function of the CAD geometries data.

2/ Computations : If interactivity is needed, pre-computed convection coefficients must be obtained for the different hypothesis the user decides. Computations are made for one reference wind speed at roof level, and for chosen wind directions. In cases of other wind speeds, the convection coefficients will be deduced from the reference case by using empirical relationships. The final objective is to get results for each configuration in less than 2 hours. The Fluent software is used for such computations

The thermo-radiative module

The module delivers the global radiative heat flux received by a pedestrian, modelized as a cylinder of human-based dimensions.

A first category of the module inputs concerns the project data : topology and materials, whose thermal and optical properties are read in the CSTB Material Data Base. Also, indoor air temperatures must be given. The second category concerns the micro-climatic data : Outdoor air temperature and humidity, solar and IR radiation, sun height and azimuth given by the climatic module, and convection coefficients at the surfaces, given by the aeraulic module.

The radiative heat fluxes are separated into the solar and the infra-red radiation. The solar radiation, distributed in a direct and diffuse flux, will depend at one place of the mask effect, and also of the optical properties of the material. It can be computed by a radiosity method by assuming diffuse reflections, which is acceptable regarding the precision we need for the PET calculation.

The IR radiative fluxes evaluation needs both radiation transfer computations, and surfaces temperatures evaluation, as the wall emission consists the main part of the IR-radiation received by the pedestrian. The thermal and radiative computations are totally coupled as the surfaces temperatures determine the IR emissions, and reciprocally, the IR radiation received by the surface contribute to the surface temperature.

Wall surfaces temperatures

The wall surfaces temperatures are computed by solving the surface equilibrium equation between conductive fluxes inside the walls, convection fluxes at the outside, incoming radiative fluxes, and emission of IR radiative energy (fig. 2)

The resolution of the surface equilibrium equation imposes to determine the internal wall temperature field, which will brought the inertial effects. So this equation is coupled with a finite-difference resolution of the mono-dimensional conduction equation, so that we suppose that conductive transfers parallel to the wall surface can be neglected. Internal boundary conditions are given by the indoor air temperature. Multi-layers walls with different properties can be considered. Details of the resolution are given in Coiret et al. [START_REF] Coiret | Simulation des ambiances climatiques extérieures : développement du module thermique[END_REF]. Optimisation tests conducted have led to the choice of an implicit algorithm and matricial method. For a standard wall, time steps of 400 s, and 7 spatial discretization cells lead to quite accurate results (4 cells for the concrete layer and 3 for the insulate material layer). For instance, for sinusoidal incident radiative fluxes, the computed fluxes stands within 3% of the analytical solution. Computations have been made using incoming fluxes measured at Nantes in june 1999. [START_REF] Delaunay | Ambiances thermiques estivales en rue canyon : le cas de la rue de Strasbourg à Nantes[END_REF] over one day (fig. 3). The time evolution of temperature at the surface (T0) and inside an horizontal wall is shown at fig. 4. Higher temperature gradient is noticeable for the concrete layer (T0-T2) than for the insulated layer (T3-T6). 

Radiative Transfers

Radiative transfers computations are carried out with the hypothesis of diffuse surfaces. The radiosity method, which was initially implemented in the CSTB photo-simulation software Phanie [START_REF] Carré | Handling Dynamic Changes in Hierarchical Radiosity through Interaction Meshes[END_REF], is well-adapted to this case. In order to minimise computations time, the surfaces meshing is established a priori and is used for all the climatic conditions.. Mesh sizes and exchange relationships between the various levels of grids are defined by minimising the computation errors of the shape factors between elements. Then the grid is adaptative and hierarchical: i.e. the radiative exchange relationships are defined and stored in the form of links. This approach optimizes the storage size of the shape factors.

Similarly, the relationships between the environment direct illumination and the contributions of each sky zone, is established a priori and in a hierarchical way, enabling a quick evaluation of the direct illumination for each new daylight condition. Lastly, the links between the radiation received by the virtual observer (on a bi-dimensional grid) and the environment mesh is also precalculated.

The resolution process is iterative: at each step, each surface emits a radiative flux towards other surfaces using precalculated links. Emitted energy depends on the direct and indirect illumination and on the surface temperature. The coupled thermal module updates the internal wall temperatures according to the radiation received at time t , and the temperatures at time t-t. The iteration is stopped when the flux received by surfaces as well as the internal temperatures are stabilised. Then the radiation flux received by the virtual observer on the 2D grid is established using the pre-computed links.

The PET module

The PET module computes the values of the Physiological Equivalent Temperature, at pedestrian level, on a bi-dimensional grid. The inputs are the values of the following parameters at each point of the grid : air temperature and humidity (from the climatic module), convection coefficient for a standing person (aeraulic module), radiative fluxes received by the person (thermo-radiative module).

The PET is defined as the air temperature of a room with given climatic conditions (wall temperatures equal to the air temperature, mean wind speed equal to 0.1 m/s, a vapor pressure of 1200 Pa ,equivalent to 50%HR at 20°C), which would lead to the same physiological state as in the real oudoor environment, for a person of given characteristics (1.75 height, 75 kg weight, 35 years old, 175W metabolism, lightly clothed (0.9 clo)) .

Then the PET is computed in two steps : First, computation of the physiological state of the standard man for the computed outside climatic environment using the model MEMI [START_REF] Höppe | Heat Balance Modelling[END_REF]. Secondly, computation of the « standard indoor » air temperature which would lead to the same physiological state for this « standard pedestrian ».

The two-nodes physiological model MEMI is based on the resolution of three equations :

global thermal balance of the human body, taking into account : Metabolism, Mechanical Energy losses, Convective and Radiative exchanges with the environment, perspiration, respiration and sudation losses equilibrium between internal heat flux (skin-internal body, mainly blood circulation) and internal production equilibrium between the conductive flux through clothes and the fluxes toward the outside environment.

Solving this system defines the thermal state of the individual : internal temperature, mean skin temperature, clothes surfaces mean temperature. (The parameter of skin wetness or sudation production,can be deduced from the internal temperature and the mean skin temperature)

Real Virtuality Representation

The VR-platform EVE

The Virtual Reality platform EVE (Enriched Virtual Environments), which is currently under development by CSTB, has the ambition to be both a communication and a design tool for architectural and urban projects. For that, it has to perform three main tasks which are : sharing of data, technical computations, 3-D interactive and immersive visualization.

The software architecture of « EVE » includes :

-A distributed data base to manage large quantities of data (CAD data and simulation data) -A workspace manager to dynamically handle (loading, unloading, linking) software components -A Shared Object Space which is a single, centralised and shared run-time data repository.

It's composed of a Data Graph (keeping logical hierarchies of objects) and a Common Geometric Representation -A Data Structure Layer (DSL) for each type of application. They are registered to the SOS.

The most open product modelling technology for the building construction available today is the Industry Foundation Classes (IFC) , as well as the ISO Part 42 of STEP (Standard for the Exchange of Product Data) [START_REF]Industrial automation systems and integration -Product data representation and exchange -Part 42 : Integrated generic resources : Geometric and topological representation[END_REF]. On this basis, data formats including geometric descriptions, building components, simulation results (scalars and vectorial fields), textures, … are being defined and a « support tool », consisting in a C++ classes generator, and featuring communication with the simulation codes is under development.

Visualization

The notion of « walkthrough » which is mostly important in the evaluation of an outdoor urban space is well adapted to a Virtual Reality representation as the user is invited to move into the space in order to explore the different characteristics of the space, namely, in the present state of the platform : visual aspects, lighting, acoustics, climatic environment.

So one of the objective is to give the user the possibility to visualize (or to feel) simultaneously both simulation data and architectural environment. The usual cutting planes or isosurfaces methods are in contradiction with this requirement. To fulfill these conditions three possibilities are under study and will be tested :

The Avatar representation

Since the human factor is connected to the simulated data, it is of interest to introduce a human scale in the visualization process. Using an avatar as a tri-dimensional metaphorical human representation is advantageous for interactive navigation through data. The avatar is directed by the user into the virtual architectural environment, and is colored according to data values. As the information we get in case of ambient environment is bi-dimensional, the avatar is uniformly coloured. Other informations can be brought by way of brightness : for instance sunny or shadow location.

Technics of avatar representation has been included in the platform EVE. An adaptative triangulation method, aiming at optimizing the interactivity, has been developed and tested for the evaluation of natural ventilation in tropical houses (figure 5). Technical details can be found in reference [START_REF] Maïssa | Virtual Reality for Scalar Field Visualization in an Architectural Environment : Using an Avatar[END_REF]. 

Colouring the bottom surface

The advantage of representing a coloured map of the thermal environment is to quickly understand the data distributions. As the PET values are computed at pedestrian level, it does not depend on the height, and so the bi-dimensional horizontal field can be represented on one plane. In order to minimize the perturbation of the architectural scene visualization, it is proposed to colour the bottom surface (i.e. the soil) as a function of the PET value . However, this function must have the possibility to be switched by the user, as in this case, the character of immersion in a real virtual space is deeply altered, and some information on the visual environment are lost.

The « PET vs time » graph

More classical in the scientific communication, a graph representing the evolution of the PET as the user is walking through the scene is nevertheless adapted to a VR interactive representation. The advantage is first, to permit the direct reading of a quantitative information, and second, to emphasize the thermal variations experienced by the pedestrian, especially in case of breaks along the walk-through.

Conclusion

Evaluating thermal comfort in outdoor spaces is a complex task as it involves, both coupled physical phenomena, physiological response, individual behaviours and psychology… However, the thermal environment can be characterized, taking into account physiological response by mean of the model MEMI, leading to a Physiological Equivalent Temperature ;

The interactive Virtual Reality tool, developped at CSTB, aiming at representing the thermal outdoor environment of an architectural or urbanistic has to face a strong constraint of computations speed, simultaneously with a necessity of realistic results. Hypothesis for such requirements have been presented, as well as the articulation between the different modules.

This software is being implemented in the multi-disciplinary platform EVE in which the different components of the ambiance : visual aspect, acoustics, lighting, pollution can be simultaneously investigated. In this way, besides the design use, the platform EVE has a vocation to become an important communication vector between the different actors of the project : architects, urbanists, decision-makers, public…
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