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Abstract



9



This research aims at developing a simple and efficient collision detection method to



10



support the rendering of a virtual construction scenario in real time. To expedite the collision



11



detection algorithm, we approximated construction machineries and structural elements on a



12



construction site by using spheres and cylinders. By modeling the objects using outer



13



boundaries, the computational cost for collision detection can be significantly reduced. Using



14



the outer boundary also provides the benefit of ensuring a conservative result (i.e. towards the



15



safer side). VC-COLLIDE, the collision detection algorithm developed in this research, has



16



also been presented. VC-COLLIDE has been implemented and tested by using three typical



17



construction scenarios: small building scenarios (683 objects), large building scenarios (2143



18



objects) and tall building scenarios (2612 objects). The test results indicate that



19



VC-COLLIDE can complete all the collision checks within 1/20th of a second, the upper



20



bound of real-time refresh time in the three testing environments. We also compared



21



VC-COLLIDE with the collision detection function in Open Dynamic Engine (ODE), a



22



widely used physics engine for real-time visualization. Because VC-COLLIDE is designed



23



specifically for using in a virtual construction scenario, its computational performance is



24



significantly better than ODE.



25



Keyword: construction crane, collision detection, virtual reality, construction simulation, -1-



26



bounding volume box



27



1. Introduction



28



Virtual construction is the process of using computational methods to model, simulate,



29



and visualize construction scenarios on computers (Waly and Thabet 2003). Many successful



30



applications have been recently presented worldwide, such as those by Wilkins and Barrett



31



(2000), Clayton et al. (2002), and Kamat and Martinez (2003). Virtual construction allows



32



stakeholders to envision the construction results, enables engineers to review construction



33



problems early in the design phase, and allows constructors to manage the site more



34



efficiently. Since virtual construction presents detailed construction processes visually, many



35



construction problems, such as spatial conflicts and inefficient machine operations, can be



36



identified and solved before the start of actual construction. Therefore, virtual construction is



37



becoming an important management tool, especially in complicated or large-scaled projects



38



(Koo and Fischer, 2000).



39



Previous investigators working on related topics of virtual construction, such as Paulson



40



et al. (1987), Halpin and Riggs (1992), and Martinez and Joannou (1999), pointed out that the



41



computational cost of collision detection can be a great drawback in the simulation process.



42



Similar to real construction sites, collisions between virtual construction machineries (e.g.



43



cranes and excavators) and virtual structural elements (e.g. beams and columns) should be



44



avoided. This means that the computer has to perform collision checks between all the



45



moving parts of the machine and all the structural elements. We have to perform collision



46



checks continuously to develop a real-time animated virtual construction scenario. The



47



required frame rates of real-time systems vary depending on the equipment. For a real-time



48



system that is steering an oil tanker, a frame rate of 1 Hz may be sufficient. However, a rate -2-



49



of even 100 Hz may not be adequate for steering a guided missile in a computer game. The



50



designer must choose a frame rate appropriate to the application's requirements. In this



51



research, we tested scenarios on multiple computers and found that a frame rate of 20 Hz



52



ensures that the quality of the animation rendering for virtual construction scenarios is



53



sufficient for real-time viewing.



54



The challenge of performing collision checks is that the computational cost grows



55



exponentially when the number of objects, including construction machinery and structural



56



elements, increases in virtual construction. Simulation of simple construction scenarios may



57



be solved and simulated in real-time. However, with the performance restriction of a



58



computer, a complicated virtual construction scenario which contains a great number of



59



structural elements may not be computed and visualized within 1/20th of a second using



60



common collision detection packages. Therefore, it is necessary to develop an efficient



61



collision detection method that can specifically support the real-time virtual construction



62



system.



63



2. Existing Collision Detection Methods



64



Collision detection methods have actually been in existence for years. They can be



65



divided into two general groups. Methods in the first group can determine the collision status



66



(i.e. whether objects have collided or not) quickly via multiple logic statements. The



67



well-known axis-aligned boundary box (AABB) method (Bergen, 1997) belongs to this group.



68



The second group of collision detection methods can return both the collision status and the



69



distance to the nearest possible collision in the case of a collision-free status. Some broadly



70



used collision detection libraries, such as the Open Dynamic Engine (ODE) (Smith 2000),



71



SOLID (Bergen 2004), and the algorithm developed by Lin and Canny (1991) belong to this -3-



72



group.



73



Collision detection methods in the first group usually require less computation because



74



they are not burdened by the need to compute the shortest distance between objects. However,



75



they may not fulfill the needs of virtual construction. The free distance between the objects is



76



critical for rendering virtual construction scenarios, especially when we need to simulate the



77



detailed motions of virtual construction machines. Knowing the shortest possible collision



78



distance can eliminate unnecessary collision checks within the collision-free region,



79



significantly reducing the computational time required to search for collision-free paths.



80



Collision detection methods in the second group can always return the distance between



81



objects. However, they require more computational resources and so may not be able to



82



support real-time computation for a virtual construction system. Since the efficiency of a



83



collision detection computation greatly depends on the precision requirements, we propose



84



the development of a collision detection method which supports the computation of collision



85



detection in a real-time virtual construction system while at the same time providing distance



86



calculations with sufficient accuracy.



87



3. Objectives



88



The objective of this research is to develop an algorithm which can be used to identify



89



all undesirable conflicts that can occur among static and dynamic construction sources and



90



allows the distance between objects in large dynamic 3D virtual construction scenarios to be



91



determined. To achieve this objective, we would like to develop an algorithm to deal with the



92



collision detection problems efficiently so that we can realize the real-time visualization for



93



large construction scenarios. To support the automated simulation functions in virtual



94



construction software such as iCrane (Kang and Miranda 2006), this collision detection -4-



95



algorithm needs to compute the collision-free distances. A collision detection algorithm



96



which can return the free distance between objects can significantly improve the performance



97



of motion planning methods. Because performance strategies differ between different



98



construction scenarios, the collision detection algorithm needs to have the flexibility to adapt



99



to different construction sites in order to obtain the best computational performance.



100



4. Approximations of Objects in Virtual Construction



101



To efficiently identify the collision status of objects in virtual construction scenarios,



102



objects should be suitably approximated. The following sections will present a typical virtual



103



construction scenario and the approximation methods for the objects in the construction



104



scenarios.



105



A typical construction scenario comprises of a number of structural elements and



106



construction machineries. Structural elements, such as beams and columns, are construction



107



materials which form a building. They are usually static, only moving one or two times



108



during the entire project. Construction machineries are used to manipulate the structural



109



elements, moving them from storage to the building site. They are basically dynamic. The



110



position and configurations of construction machineries continuously change during the



111



construction process.



112



Figure 1 illustrates a typical virtual construction scenario. It includes a high-rise building



113



on the ground formed by 2612 structural elements, including beams and columns. It also



114



includes multiple construction machinery, including five tower cranes and three mobile



115



cranes. Since the structural elements are assumed to be static, only the motion of construction



116



machinery will cause collisions.



117



To develop high-performance algorithms for collision detection problems in such virtual -5-



118



scenarios, it is important to properly approximate the static and dynamic objects in the



119



construction scenario. The following two sections will introduce the approximation methods



120



developed in this research for structural elements and for construction machineries



121



respectively.



122



5. Approximation of Structural Elements



123



Structural elements such as beams and columns on the construction scene can be



124



approximated as different boundaries to accelerate the collision detection computations.



125



Figure 2 illustrates a small construction scenario which includes 338 structural elements.



126



Most of the structural elements, such as beams and columns, in this construction scenario are



127



usually long-shaped objects. Therefore, in this research, we propose the use of spheres and



128



cylinders and define the methods to approximate these objects. Since a spherical boundary



129



may result in a large error in some cases, we also propose two boundary levels, the rough



130



boundary and the detailed boundary, to approximate the structural elements at different



131



precision levels. The following sections will introduce (1) the rough spherical boundary, (2)



132



the detailed spherical boundary and (3) the cylindrical boundary proposed in this research. A



133



comparison betweens the methods is also presented.



134



Rough Spherical Boundary



135



The rough spherical boundary approximates a structural element using a spherical outer



136



boundary. Figure 3 presents the approximation boundary using perspective, front view, and



137



side view projections. From the perspective view, we can see that an element is approximated



138



by an outer sphere. The center of the sphere is located at the centroid of the structural element.



139



The radius RRS is computed using Equation 1. -6-



140



(1)



141



where L is the length of the structural element; B is the width of the structural element; and H



142



is the height of the structural element.



143



Because this approximation method does not present the shape of the structural element



144



precisely, some errors, which means differences between the real and computed distance,



145



may be included when computing the distance between objects. The maximum error (worst



146



case) may occur on the top center of the structural element or the side center of the structural



147



element. The maximum error can be computed using Equation 2.



148



(2)



149



The advantage of using a spherical boundary is the low computational cost required to



150



calculate the distance between spheres. If we approximate all the structural elements using



151



spheres, in order to see the collision status between the objects, we can simply compute the



152



distance between the centers of two spheres and subtract the radius of both spheres. If the



153



result is greater or equal to zero, we can ensure that the two objects are collision free.



154



Although some errors are included in the computation, the result is fortunately always



155



conservative. In other words, the distance between objects is always underestimated. Since



156



the computational load is very light, this method is especially suitable for the detection of



157



collisions between a large numbers of elements which have a low possibility of colliding.



158



Detailed Spherical Boundary



159



The detailed spherical boundary approximates a structural element using multiple



160



spherical outer boundaries. Figure 4 shows this approximation boundary using perspective,



161



front view, and side view projections. From the perspective view, we can see that a structural -7-



162



element is approximated using multiple spheres which cover the entire structural element.



163



The radius RDS is computed using Equation 3.



164



(3)



165



Although this detailed spherical boundary bounds the structural element tightly, there



166



are also errors that occur when using this approximation method. Here, we assume that



167



structural elements, including I-beams, are modeled as boxes. This assumption is reasonable



168



when simulating the operation of the construction machineries. Few operators are willing to



169



or are capable of moving two objects so closely. This assumption ensures that the system



170



always yields a conservative result to avoid the undesired operations. The maximum error



171



(worst case) can be observed in Figure 4(c) and computed using Equation 4.



172



(4)



173



The number of the spheres required is determined by the ratio between the length and



174



width or the ratio between the length and height. This can be calculated using Equation 5.



175



(5)



176



To ensure the use of the minimum necessary number of spheres to approximate the



177



structural element, we need to compute the location of the center of the spheres using a



178



two-step method. The first step is to determine the center of the end spheres, which are



179



located at the two ends of the structural element, i.e. the first and last spheres in the sphere



180



list. The second step is to compute the center of the internal spheres by equally dividing the



181



center line. This process ensures that the entire structural element can be covered using the



182



minimum necessary number of spheres.



183



The detailed spherical approximation boundary provides better accuracy than bounding -8-



184



a structural element using a rough sphere. However, the computational cost is also higher



185



because more spheres are involved in the computational processes. Therefore, we need to



186



find a balance between the computational cost and accuracy to meet the needs for the



187



application of virtual construction.



188



Cylindrical Boundary



189



The cylindrical boundary approximates a structural element using a cylindrical outer



190



boundary. Figure 5 shows the approximation boundary using perspective, front view, and



191



side view projections. The perspective view illustrates a cylinder which approximates the



192



structural element. The center line of the cylinder is located at the centroid line of the



193



structural element. The radius R can be computed using Equation 3. Its maximum possible



194



error (in a worst case scenario) can be calculated using Equation 4.



195



The advantage of using a cylindrical boundary is that we obtain relatively precise results



196



when computing the distance between structural elements. The cylindrical boundary



197



approximation can obtain the same accuracy as the detailed spherical approximation.



198



However, to compute the distance between the cylinders or between a sphere and cylinder



199



usually requires multiple steps to compute the distance between end points and lines. The



200



computational cost is higher than using the rough sphere approximation and in some cases is



201



also higher than using the detailed sphere approximation.



202



In short, although the cylindrical boundary provides better accuracy than a rough sphere,



203



the computational cost incurred when using a cylinder (line) is always much more than a



204



sphere (point). However, in some situations, the cylindrical boundary is still a preferable



205



choice, such as when dealing with a long element requiring higher accuracy.



206



Comparison of the three approximation methods -9-



207



Table 1 lists the max errors and computational costs associated with collision detection



208



using different approximations of structural elements. In the rough spherical approximation,



209



we only use one sphere to represent one structural element. The computational cost of



210



collision detection in this approximation is the cost of calculating the distance between two



211



spheres, and the error, in general cases, is approximately half of the longest length (L). Since



212



structural elements of a typical building range from 6 to 12 m, the errors of the rough



213



spherical approximation will be 300 to 600 cm. In the detailed spherical approximation, the



214



computational cost is related to the length ratio between L, B, and H. It is typically about 10 –



215



15 times higher than the computational cost using the rough spherical approximation, and the



216



error in most cases drops to within the range of 20 to 40 cm. The computational cost of



217



detecting a collision between a cylinder and a sphere is approximately 3 – 5 times the cost of



218



detecting a collision between two spheres depending on the implementation methods.



219



Integration strategies for approximation methods



220



In this research, we integrated the above-mentioned approximation boundaries and



221



developed four strategies to represent structural elements: (1) detailed spherical boundary, (2)



222



cylindrical boundary, (3) detailed spherical boundary with rough spherical boundary and (4)



223



cylindrical boundary with rough spherical boundary (as shown in Figure 6). The first two



224



strategies employed either only spherical boundaries or cylindrical boundaries to approximate



225



the structural elements. The other two strategies are two-stage approaches. In order to meet



226



the accuracy requirements of some construction projects, it is impossible to adopt only the



227



rough spherical boundary approximation for the whole procedure. The detailed spherical



228



boundary approximation and the cylindrical boundary approximation are much more



229



accurate.



230



Detailed approximations (spherical and cylindrical) require significant computing time - 10 -



231



when applied directly. Therefore, we developed a two-stage method. In the first stage, an



232



external sphere was assigned to present the structural element. Although the rough boundary



233



may add additional computational costs, it can reduce the number of collision checks between



234



objects that have a low possibility of colliding. In the second stage, we use either multiple



235



spheres or a cylinder to represent the element with better detail. The second stage will



236



guarantee the accuracy of the results of collision checks.



237



6. Approximation of Construction Machinery



238



In this research, we focused on approximating two typical types of construction



239



machinery. One is a mobile crane and the other a tower crane. Similar approximation



240



methods can also be applied to different construction machinery, such as excavators or



241



fold-lifters on other virtual construction sites.



242



A two-stage approach was also developed to approximate mobile cranes and tower



243



cranes. An outer boundary for cranes eliminates structural elements that are a relatively long



244



distance away from the cranes before each part of the crane starts to search for potential



245



collisions. If structural elements are inside the outer boundary, all parts of the crane will



246



detect a collision with these structural elements. On the other hand, if structural elements are



247



not inside the outer boundary, the crane will ignore these structural elements when collision



248



detection commences.



249



Approximation of Parts in a Mobile Crane



250



Figure 7(a) shows a simplified model of a typical mobile crane and its geometric



251



boundary. We approximate the mobile crane with its four major parts. The first one is the



252



main body (also called the car). The second part is an expandable jib. At the end of the jib is a - 11 -



253



cable with a hook. Under the hook, there may be a structural element hanging at the bottom



254



of the cable. We approximate the four parts of the mobile crane using their basic geometric



255



shapes. We employed cylinders to approximate the car, jib, and the cable. Because the



256



structural element hanging under the hook may rotate in its available space (i.e. the working



257



space of the element is a sphere), we defined a sphere to represent the structural element.



258



Approximation of Parts in a Tower Crane



259



The tower crane is a modern form of the balance crane. Fixed to the ground, tower



260



cranes often give the best combination of height and lifting capacity and are used in the



261



construction of tall buildings. A horizontal jib is balanced asymmetrically across the top of



262



the tower. Its short arm carries a counterweight of concrete blocks, and its long arm carries



263



the lifting gear. A typical tower crane consists of three major parts: the tower, jib, cable, and



264



the hook. We developed an approximation model for the tower crane shown in Figure 7(b).



265



We ignore the boundary of the tower because the tower always remains still during erection.



266



Since erection planners usually arrange the erection activities away from the tower, there is



267



little possibility of colliding with the structural elements. We used a cylinder to represent the



268



crane jib and the cable. Here, we also used a sphere to represent the structural element



269



hanging under the hook.



270



Rough Approximation Boundary of a Crane



271



To reduce the computational cost between objects that have little possibility of colliding, we



272



introduced two types of rough approximation boundaries outside the crane to eliminate the



273



collision checks between objects which are far from each other. One is a spherical boundary



274



and the other is a cylindrical boundary. Figure 8 shows the rough spherical approximation of



275



a crane. The radius RSTC, in the tower crane case, is determined using Equation 6. - 12 -



276



(6)



277



where Hpartial is the height of the tower measured from the ground to the bottom of the jib;



278



Lpartial-jib is the partial length of the jib measured from the center of the tower to the tip of the



279



jib, as shown in Figure 8. The center of the rough spherical outer boundary is located at



280



while the base of the tower crane is considered to be the origin; in the



281



mobile crane case, the radius RSMC of the rough spherical boundary is computed using



282



Equation 7.



283



(7)



284



where Ljib is the length of the jib of the mobile crane and the center of the rough spherical



285



outer boundary is located at the center of the jib of the mobile crane. The rough spherical



286



outer boundary is considered effective for eliminating structural elements in the first phase of



287



the computation of collision detection. However, when the tower crane is tall enough, the



288



radius of the rough spherical outer boundary will grow as large as the height of the tower



289



crane. At that time, the rough outer boundary merely has the effect of increasing the



290



computing time.



291 292



Figure 9 presents the rough cylindrical approximation of a crane. In the case of a tower crane, the radius RCTC of the rough outer cylindrical boundary is computed using Equation 8.



293



(8)



294



where Ljib is the length of the jib of the tower crane shown in Figure 9. The center line of the



295



rough cylindrical outer boundary is perpendicular to the ground and passes through the



296



middle point of the jib; in the mobile crane case, the radius RCMC of the rough outer



297



cylindrical boundary is defined by Equation 9: - 13 -



298



(9)



299



where Ljib is the length of the jib of the mobile crane and θ is the angle of elevation of the



300



jib of the mobile crane. The center line of the rough cylindrical outer boundary is



301



perpendicular to the ground and passes through the middle point of the jib. When dealing



302



with a high crane unit, it is preferable to use the rough cylindrical outer boundary; it has the



303



benefit that the radius of the cylinder does not change when the height of the crane grows.



304



This type of rough outer boundary is strategically beneficial when dealing with high-rise



305



buildings.



306



7. Collision Detection Algorithm for Virtual Construction



307



An algorithm, VC-COLLIDE, was developed to deal with the collision detection



308



problems in a virtual construction environment. This algorithm uses the above-mentioned



309



approximation methods for structural elements and construction machineries to reduce the



310



computational cost of the entire virtual construction scenario. Approximations of a structural



311



element focus on reducing the consumed time of each individual collision detection



312



computation; approximations of construction machinery, especially the outer crane boundary,



313



take advantage of the reduction in collision calculations. In this research, we integrated the



314



above two principles in VC-COLLIDE to efficiently solve the problem of collision detection



315



in virtual construction scenarios.



316



Working Procedure of VC-COLLIDE



317



For performing collision detection in a virtual construction site, we separate all the



318



objects into two groups, a dynamic group and a static group. The dynamic group includes the



319



parts of construction machines while the static group includes the structural elements and - 14 -



320



other static objects on the site, such as the scaffolds. Objects in the static group do not have



321



any possibility of colliding with other objects of this group. However, objects in the dynamic



322



group may collide with objects in the static group or other objects in the dynamic group



323



(collision between machineries). In VC-COLLIDE we generally define the objects in the



324



static group as structural elements and the objects in dynamic group as machineries. They are



325



the two inputs of the VC-COLLIDE algorithm.



326



The whole procedure can be separated into three phases: the rough-rough phase,



327



detailed-rough phase, and the detailed-detailed phase, as shown in Figure 10. The



328



rough-rough phase (R-R phase) uses rough crane approximation to represent the machinery



329



group and rough element approximation to represent the structural element group. Figure 8



330



and Figure 9 illustrate the two above-mentioned rough approximation methods, cylindrical



331



and spherical approximations, for a tower crane and an approximation method, spherical



332



approximation, for structural elements in the R-R phase. In this phase, VC-COLLIDE



333



attempts to eliminate unnecessary collision checks between the machineries and structural



334



elements as much as possible. This process is usually very time-consuming, especially when



335



the number of structural elements and machineries on the construction site are large.



336



However, this process can significantly reduce the computation time for later phases. After



337



checking all pairs of rough approximation boundaries, a list of collided structural elements



338



will be identified as the return result of the R-R phase.



339



The detailed-rough phase (D-R phase) is performed after the rough-rough phase. Only



340



the structural elements identified as the collided elements of the R-R phase (i.e. within the



341



rough crane approximation) are checked to see whether these suspicious elements actually



342



collide with working cranes in this environment. In the D-R phase, construction machineries



343



were modeled in more detail using multiple smaller cylinders and spheres. The structural - 15 -



344



elements were still approximated using external spheres. Similar to the process in the R-R



345



phase, a list of elements whose approximation boundaries interfere with others is returned.



346



After the D-R phase, the list of structural elements classified as collided objects needs to



347



be confirmed by an even more detailed approximation method. The detailed-detailed phase



348



(D-D phase) is designed for this purpose. The tower crane remains approximated using



349



multiple cylinders and spheres and the structural elements can be approximated by either



350



external cylinders or a number of smaller spheres. Although the computational cost can be



351



much higher for computing each pair of structural elements and construction machinery than



352



the previous phases, higher accuracy (less than 10 cm in most cases) can be achieved.



353



The VC-COLLIDE algorithm The following sections present the VC-COLLIDE algorithm and three major functions



354 355



used



in



VC-COLLIDE,



356



DetailDetailCheck.



357



VC-COLLIDE algorithm



including



RoughRoughCheck,



DetailedRoughCheck,



and



358



VC-COLLIDE is the algorithm developed in this research that is focused on solving



359



collision detection problems in virtual construction scenarios. Figure 11 shows the process of



360



VC-COLLIDE. VC-COLLIDE takes two variables as parameters. The first one is



361



constructionMachineryList and the second one is structuralElementList. The parameter



362



constructionMachineryList is a list of stored information on construction machineries in the



363



virtual construction scenario to be solved. The parameter structuralElementList is a list of



364



stored information on structural elements in the virtual construction scenario. After these two



365



lists pass into VC-COLLIDE, VC-COLLIDE will perform the three phases of collision



366



detection to check if any collision occurred in the virtual construction scenario. The three



367



phases are shown above: the R-R phase, D-R phase, and the D-D phase. Each phase will filter - 16 -



368



out structural elements which have no possibility of colliding with construction machineries



369



in the virtual construction scenario through specific approximation methods for each phase.



370



In the end, a list, CEL (standing for the list of collision elements), which stores information



371



on collided structural elements, will be returned. Structural elements stored in CEL are



372



structural elements which collided with construction machineries in the virtual construction



373



scenario within the appropriate tolerance and accuracy restriction of a construction



374



requirement.



375



RoughRoughCheck function



376



RoughRoughCheck is a function first used in VC-COLLIDE. Figure 12 shows the



377



process of the algorithm. The goal of this algorithm is to eliminate structural elements which



378



are too far away from a construction machine to collide. Construction machineries and



379



structural elements are approximated during the R-R phase. After completion of the distance



380



calculations between construction machineries and structural elements which are



381



approximated with the R-R phase style, structural elements which collided with construction



382



machinery are stored in a CEL, a list of collided elements. The list CEL will then be returned



383



for the usage of the next phase. However, there are two types of rough approximations for



384



construction machineries, spherical and cylindrical, and only spherical approximation for



385



structural elements. Thus, the selection of rough approximation of construction machineries



386



will result in two situations.



387



DetailedRoughCheck function



388



DetailedRoughCheck is a function in the second phase of VC-COLLIDE. Figure 13



389



shows



that



construction



machineries



and



390



RoughRoughCheck will be approximated with the D-R phase style. Thus, distance - 17 -



structural



elements



filtered



through



391



calculations between construction machinery and structural elements will be performed and



392



structural elements that collided with construction machinery in this phase will be stored in a



393



list called CEL which will be returned after the algorithm DetailedRoughCheck is completed.



394



Construction machinery is approximated with the detailed mode (i.e. all parts of construction



395



machineries are individual approximated boundary boxes) and structural elements are



396



approximated as a sphere. Considering the selection of the collision detection strategy, this



397



phase (or algorithm) is optional and can be skipped. In other words, it is possible that the D-D



398



phase will tightly follow the R-R phase if the D-R phase is set to “skipped”.



399



DetailedDetailedCheck function



400



Figure 14 shows the process of the third function used in VC-COLLIDE. As the last



401



phase in VC-COLLIDE, construction machineries and structural elements are approximated



402



using the most detailed approximation. After calculations of the distance between



403



construction machinery and structural elements are completed, the remaining structural



404



elements which are considered to have collided with construction machinery under the most



405



accurate condition will be stored back to CEL. CEL will be returned to VC-COLLIDE as the



406



final result showing structural elements which collided with construction machinery in this



407



virtual construction scenario. In the D-D phase, construction machineries are approximated in



408



the detailed mode and structural elements are approximated with either a cylinder or multiple



409



spheres. Thus, the selection of collision detection strategy will produce two results.



410



Strategies in the VC-COLLIDE algorithm



411



There are two selections in the R-R phase (i.e. construction machinery approximated as



412



a rough sphere or rough cylinder), two selections in the D-R phase (i.e. whether or not this



413



phase is skipped), and two selections in the D-D phase (i.e. structural elements approximated - 18 -



414



as a cylinder or multiple spheres). Thus, eight strategies resulted in total from this research.



415



By using this approach, the distances between construction machinery and structural



416



elements is calculated efficiently following the principle of dealing with a large number of



417



calculations by using the most efficient method. The largest number of structural elements



418



occurs at the very start of the collision detection procedure. The rough approximation of



419



construction machinery is a convenient method for eliminating structural elements which are



420



too far away from specific construction machinery. When calculating the distance with the



421



rough approximation of construction machinery, structural elements are simply approximated



422



using the rough spherical boundary, which is most efficient in calculations. The multi-level



423



hierarchical approximation for structural element and construction machinery also obeys the



424



same principle.



425



8. Performance Tests



426



To validate the performance of VC-COLLIDE in virtual construction scenarios, we



427



conducted a series of performance tests in three test scenes. This section summarizes the



428



processes of the tests and their results.



429



Test Scenarios



430



We designed three typical virtual construction scenarios to test and compare the



431



collision detection algorithm and approximation methods developed in this research. Figure



432



15 presents detailed descriptions for the three scenarios.



433



The first scenario is a small building project, in which 683 structural elements with two



434



tower cranes and three mobile cranes were involved. This is typical of a house or a low-rise



435



office project. The project site is usually small so the machineries need to work in relatively - 19 -



436



narrow areas. Because the computational cost for collision detection is relatively low, this test



437



scenario can be used as a baseline for the overall test.



438



The second scenario is a large construction project. It is a wide-area construction site



439



like a shopping mall or a large apartment. For these types of projects, we usually need to



440



consider using multiple working phases to expedite the construction progress and the reach of



441



the machineries also needs to be taken into account. Therefore, we define 2143 structural



442



elements, 3 tower cranes, and 5 mobile cranes to be involved in the project.



443



The third scenario is a tall building project which can be related to high-rise projects



444



commonly seen in urban areas. The building in the project contains 2612 structural elements.



445



Because these high-rise projects rely more on tower cranes to support vertical transportation,



446



we define five tower cranes and three mobile cranes in this scenario.



447



Implementation and Test Environment



448



Since the goal of this research is to develop a generic collision detection method to



449



support various virtual construction scenarios for the general usage of construction purposes,



450



we chose a typical personal computer to implement and test the VC-COLLIDE algorithm.



451



The computer is equipped with a 1.73GHz central processor and 1GB memory; a mid-range



452



computer in the year 2007 in terms of computational speed.



453



C#, an object-oriented programming (OOP) language, is used as the primary



454



programming language in this research. In other words, the Microsoft .NET framework was



455



implemented on the computer system. The Common Language Runtime (CLR) functionality



456



of C# provides services such as security, memory management, and cross-language



457



integration, which not only makes the computer software more robust and efficient but also



458



potentially reduces the effort required to integrate the functions with other virtual



459



construction software in the future. - 20 -



460



Test Results



461



We conducted four performance tests to evaluate the computational efficiency of



462



VC-COLLIDE in three testing scenarios. Because VC-COLLIDE actually approximates all



463



the construction machineries and structural elements using either cylinders or spheres or the



464



combination of both, the first test focused on the most fundamental problem: the



465



computational cost for distance-checking between spheres and cylinders. The second test was



466



designed to test the benefit brought from the rough approximation for cranes (i.e. the benefit



467



from the R-R phase). The third test was designed to quantify the computational costs of



468



VC-COLLIDE using different approximation strategies and in different test scenarios. The



469



fourth test was designed to compare the computational performance between the



470



VC-COLLIDE algorithm and ODE, a physics engine widely used for checking for collisions



471



in virtual environments.



472



Comparison between Approximation Methods



473



VC-COLLIDE actually decomposes a virtual scenario into a number of cylinders and



474



spheres. The collision detection problems become a series of distance computations between



475



two spheres, a sphere and a cylinder, and two cylinders. Therefore, we designed a test



476



especially to evaluate the computational costs of each distance check in the three test



477



environments. Take the case of the evaluation of the computational cost for computing the



478



distance between spheres as an example. We placed a sphere in the center of the scenario and



479



used spheres to approximate the structural elements individually and timed the computation



480



duration for the whole process. Since the time duration is too small to be calculated on



481



computers, we repeated the process 1000 times and took the average. The same procedure



482



was also applied to evaluate the cost for computing the distance between a sphere and a - 21 -



483



cylinder and between two cylinders.



484



As seen in Figure 16, the average costs for computing the distance between two spheres



485



(StoS), a sphere and a cylinder (StoC), and two cylinders (CtoC) in three test scenarios are



486



presented. We found the overall average costs (in milliseconds) for computing the distance



487



between StoS, StoC, CtoC to be 6.24x10-4: 1.71x10-3: 9.20x10-3. The ratio is 1.00: 2.87:



488



15.90. The correlation between the ratios in the three test environments is statistically high



489



(R2>0.99).



490



Computational Costs for Different Rough Approximation of Cranes



491



During implementation of VC-COLLIDE, we noticed that the rough approximation of



492



cranes can eliminate most of the unnecessary collision checks and rapidly increase the



493



computing performance. Therefore, we designed a test to quantify the change in



494



computational costs with and without rough approximation in three test scenarios. Figure 17



495



shows the testing results. Without rough approximation, the computational cost for checking



496



distances is proportional (R2>0.99). With the spherical approximation, the computational cost



497



of the large project and the tall project are significantly reduced to 47.88% and 32.53%



498



respectively. With the cylindrical approximation, the computational cost of the large project



499



and the tall project are also significantly reduced to 34.52% and 47.88% respectively. Here,



500



we found that both spherical and cylindrical approximations can effectively reduce



501



computational costs. Spherical approximation performs better in small and large construction



502



projects while cylindrical approximation performs better in tall projects.  



503



Computational Performance in Test Scenarios



504



Table 2 shows the computational cost of VC-COLLIDE in three test scenarios. We - 22 -



505



conducted the tests eight times, each time to estimate one collision detection strategy, i.e. a



506



specific combination of approximation methods and phases. As mentioned before, we used



507



both spherical approximation and cylindrical approximation in the R-R phase. Since D-R is



508



an optional phase, we further separated the tests into two groups: one with the D-R phase and



509



one without it. In the D-D phase, we also separated the tests into the spherical D-D phase and



510



the cylindrical D-D phase.



511



From the eight tests in three test scenarios, we found that the smallest computational



512



cost (denoted by an asterisk '*' in Table 2) for the three scenarios occurred in different



513



collision detection strategies. In both the small and large scenario, the smallest computational



514



costs occurred (1) in the setup of the spherical R-R phase, (2) with the D-R phase, and (3)



515



cylindrical D-D phase. In the tall scenario, the smallest computational cost occurred (1) in the



516



setup of the cylindrical R-R phase, (2) with the D-R phase, and (3) in the spherical D-D phase.



517



This shows that different scenarios (i.e. different combination of building structure and



518



machineries) may need different collision detection strategies to obtain optimal results.



519



During the tests, we also found the choice of which rough-approximation method was



520



optimal in the R-R phase greatly depended on the test scenario. From Table 2, we can see that



521



in the small and large scenarios, selecting the spherical approximation boundary for cranes



522



results in better computational efficiency (on average saving 16.76% of the computational



523



time). On the contrary, in the tall scenario, selecting the cylindrical approximation in the R-R



524



phase results in much better computational efficiency (38.11% on average) when performing



525



the collision detection checks.



526



In addition, the importance of the D-R phase was also highlighted. Although the D-R



527



phase is an intermediate phase requiring additional computational costs for computing the



528



collisions between the detailed approximation of cranes and the rough approximation of - 23 -



529



structural elements, the overall computational cost shows reduced computational costs in all



530



three scenarios. In these tests, an average of 38.11% of the computational cost can be saved



531



due to the introduction of the D-R phase.



532



Performance Comparison with ODE



533



To validate the performance of VC-COLLIDE, we compared the computational



534



efficiency of VC-COLLIDE and ODE in the three test scenarios defined in this research.



535



ODE is a tool for simulating rigid body dynamics, broadly used to deal with collision



536



detection problems in 3D games, virtual reality, and scientific simulations (Smith, 2000). The



537



results are summarized in Table 3.



538



We ignored the R-R phase during the comparison test because it was designed only to



539



reduce the number of collision checks. Therefore, twelve tests (four collision detection



540



strategies in three scenarios) were conducted using both VC-COLLIDE and ODE. From the



541



results, we found that VC-COLLIDE performed significantly better than ODE in all twelve



542



tests. 77% to 96% of the computational time was saved by using VC-COLLIDE. If we



543



consider 50 milliseconds (20fps) to be the limitation of real-time visualization, ODE is



544



apparently unable to support the computation of collision detection during the time duration.



545



The major disadvantage of ODE in virtual construction scenarios is the extensive range



546



of functions it provides. For example, the collision detection function in ODE calculates not



547



only the distance between objects, but also the coordination of the contact position and even



548



the depth to which the two bodies inter-penetrate each other. The normal to the contact



549



surface is also calculated. Although these functions can be used for other purposes, they are



550



redundant in dealing with collision detection in virtual construction and require extra



551



computational costs. - 24 -



552



9. Summary and Conclusions



553



The major contribution of this research is the development of an efficient collision



554



detection method that supports the real-time rendering of a construction scenario. To reduce



555



computational efforts, proper approximation methods need to be developed to decrease the



556



number of logic tests and distance calculations. We introduced two types of boundary boxes,



557



cylindrical and spherical boundaries, to approximate construction machineries and structural



558



elements commonly seen on construction sites. These methods simplify collision detection



559



between the construction machineries and structural elements into a series of collision checks



560



between spheres and cylinders.



561



We developed the VC-COLLIDE algorithm to integrate the spherical and cylindrical



562



boundary boxes. This algorithm actually transfers a list of construction machineries and



563



structural elements in a construction scenario into a series of collision checks between



564



spheres and cylinders. If there are any collisions between cylinders and spheres,



565



VC-COLLIDE will return the collision status as a true value. If there are no collisions



566



between the cylinders and spheres, then VC-COLLIDE will return a value which presents the



567



conservative distance from collision. Four major strategies were included in VC-COLLIDE.



568



Each one demonstrates different computational performances in different scenarios.



569



VC-COLLIDE is straightforward and can be implemented in different visualization tools.



570



We also created three testing scenarios, construction sites for a small, large and tall



571



building, as test examples and conducted performance tests by using VC-COLLIDE and the



572



ODE software package. The results pointed out that for different virtual construction



573



scenarios, the best collision detection strategy is not always the same one. Some situations are



574



easy to predict (e.g. the spherical outer crane boundary cannot handle a high-rise building - 25 -



575



scenario well) but some are very difficult to be judged without actual tests.



576



In this research, we found that the compromised accuracy contributes majorly to the



577



high computational performance in VC-COLLIDE. The construction machineries and



578



structural elements are approximated by outer boxes, either spheres or cylinders. These



579



approximation methods will introduce errors in the computational results. The distance



580



between the list of cylinders and spheres which represent the machineries and structural



581



elements is always less than or equal to the real distance between the construction objects.



582



Because machinery movement in a construction site always requires additional safe distance,



583



the conservative results computed by VC-COLLIDE are acceptable.



584



In short, VC-COLLIDE, the collision detection algorithm developed in this research, is



585



an effective method for efficiently computing the collision status and approximating the free



586



distance in various construction scenarios. This algorithm only includes the computed



587



distance between spheres and cylinders. It is easy to implement and integrate with different



588



visualization tools to render virtual construction scenarios in real-time.



589
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Table 1. Error and computational cost for different types of approximations



627



Approximation Type



Max error



Computational Cost*



Rough sphere



1



Detailed Sphere



Cylinder



628



≈3



*The time for computing the distance between two spheres equals 1 unit.



- 29 -



* Revised Manuscript (part3)



Table.2 Computational cost for each strategy in three scenarios



629



rough spherical approximation in R-R phase Testing Scenarios



with D-R phase



rough cylindrical approximation in R-R phase



without D-R phase



without D-R phase



Spherical



Cylindrical



Spherical



Cylindrical



Spherical



Cylindrical



Spherical



Cylindrical



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



Small



5.216



4.556*



12.842



12.444



5.853



5.244



9.917



9.614



Large



15.257



14.909*



43.954



43.819



19.167



19.277



33.138



32.295



Tall



24.987



23.759



74.988



73.862



19.305*



19.334



33.505



32.684



Unit: millisecond



630 631



with D-R phase



*the most efficient strategies in specific virtual construction scenarios.



632
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Table 3. Performance comparison between VC-COLLIDE and ODE



632



VC-COLLIDE Testing Scenarios



with D-R phase



Open Dynamic Engine



without D-R phase



with D-R phase



without D-R phase



Spherical



Cylindrical



Spherical



Cylindrical



Spherical



Cylindrical



Spherical



Cylindrical



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



D-D phase



Small



6.235



6.173



24.12



23.979



158.594



173.125



178.75



126.719



Large



29.272



29.122



132.536



134.236



669.271



853.646



917.708



638.542



Tall



37.036



35.682



169.744



166.344



797.396



1009.375



1055.729



741.667



Unit: millisecond
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682 Stages Strategies
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Stage 2



Sphere Only



Using detailed spherical approximation only
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Using cylindrical approximation only



Sphere -> Sphere



Using rough spherical approximation as stage 1 and detailed spherical approximation as stage 2



Sphere -> Cylinder



Using rough spherical approximation as stage 1 and cylindrical approximation as stage 2 `
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Figure 9. Rough cylindrical approximation of a crane
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697 Algorithm VC-COLLIDE(constructionMachineryList, structuralElementList): check the collision status between construction machineries and structural elements. Return a list of structural elements which collided with construction machineries. 1: 2: 3: 4: 5: 6: 7: 698



ML←constructionMachineryList EL←structuralElementList CEL←collidedStructuralElementList CEL←RoughRoughCheck(ML, EL) CEL←DetailedRoughCheck(ML,CEL) CEL←DetailedDetailedCheck(ML,CEL) RETURN CEL Figure 11. Algorithm: VC-COLLIDE
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699 Algorithm RoughRoughCheck(constructionMachineryList, structuralElementList): check the collision status between rough approximated construction machineries and rough approximated structural elements. Return a list of structural elements which collided with construction machineries. 1: ML constructionMachineryList 2: EL structuralElementList 3: CEL collidedStructuralElementList 4: FOR EACH construction machinery M in ML 5: M.roughApproximation() 6: FOR EACH structural element E in EL 7: E.roughApproximation() 8: IF E collided with M THEN CEL.pushback(E) 9: RETURN CEL 700



Figure 12. Algorithm: RoughRoughCheck
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703 Algorithm DetailedRoughCheck(constructionMachineryList, structuralElementList): check the collision status between detailed approximated construction machineries and rough approximated structural elements. Return a list of structural elements which collided with construction machineries. 1: ML constructionMachineryList 2: EL structuralElementList 3: CEL collidedStructuralElementList 4: FOR EACH construction machinery M in ML 5: M.detailedApproximation() 6: FOR EACH structural element E in EL 7: E.roughApproximation() 8: IF E collided with M THEN CEL.pushback(E) 9: RETURN CEL 704



Figure 13. Algorithm: DetailedRoughCheck
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705 Algorithm DetailedDetailedCheck(constructionMachineryList, structuralElementList): check the collision status between detailed approximated construction machineries and detailed approximated structural elements. Return a list of structural elements which collided with construction machineries. 1: ML constructionMachineryList 2: EL structuralElementList 3: CEL collidedStructuralElementList 4: FOR EACH construction machinery M in ML 5: M.detailedApproximation() 6: FOR EACH structural element E in EL 7: E.detailedApproximation() 8: IF E collided with M THEN CEL.pushback(E) 9: RETURN CEL 706



Figure 14. Algorithm: DetailedDetailedCheck
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Scenario No



Type



Number of Structural Element



Number of Construction Machinery



Snapshot



2 tower cranes 1



Small



683 3 mobile cranes



3 tower cranes 2



Large



2143 5 mobile cranes



5 tower cranes 3



Tall



2612 3 mobile cranes
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Figure 15. Three construction scenarios for testing



710



- 16 -



710



Method Small Large Tall Average Ratio



StoS 0.144 0.441 0.541 6.24x10-4 1.00



StoC 0.381 1.273 1.465 1.71x10-3 2.87



CtoC 2.110 6.680 7.821 9.20x10-3 15.90 Unit: millisecond
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Figure 16. Computational costs of different distance calculations
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