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Abstract: Virtual construction allows engineers to simulate and visualize construction progress on computer before commencing the real project and is becoming an important technique to manage fast-track and complicated construction projects. One major consideration for virtual construction is the simulation of the operation of construction equipment for a construction project. This research specifically focuses on developing a mathematical model to support the simulation and visualization of cranes, the most critical equipment in terms of project controls. This model is composed of two submodels—a kinematics model and a dynamic model. The kinematics model is to present the crane components controlled by the operators. The dynamic model is to present the dynamic behavior in suspended system (including the cable and rigging object), which cannot be controlled directly by the operators. To verify the feasibility of these methods, a computer program that simulates and visualizes detailed crane activities was developed. This program supports the real-time visualization of crane activities with high degree of reality accuracy and also, enables the detailed simulation of long-term construction projects.
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1 INTRODUCTION Cranes are very useful and versatile pieces of equipment in most modern construction projects (Hanna and Lotfallah, 1999). They are used to erect major structural elements, transport material, and facilitate various kinds of supportive tasks. Because many of the important construction activities in a project require the use of a crane, the efficiency of crane usage often significantly influences the overall performance of the project. To ensure the proper usage of cranes on a project, erection plans are usually developed before or during the early stages of the construction process. A typical erection plan includes a site layout showing the locations of the crane, material supplies, and a schedule of the planned activities for the crane. The schedule is usually a timetable showing the major elements to be erected for each working day. Since the erection plan contains both spatial and temporal information, some construction managers have started using 4-D tools, such as Common Point and Graphicsoft, to visualize the erection processes (Heesom and Mahdjoubi, 2004). Such visual models not only facilitate communications between different parties on the project but also enable engineers to foresee potential problems during an erection process such as unsafe or inefficient activities. However, on the downside, producing an animation for a
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construction process with operational details is very time consuming and impractical in the case of a frequently changing project plan. What is required is a method that automatically or semi-automatically generates animations to reduce the time and hence the cost of visualizing construction plans. Recently, researchers have also conducted a series of investigations related to the erection simulation. They mainly attempted to employ various numerical methods and information technology to enhance the crane usages or the plan of the erection activities. Furusaka and Gray (1984), Gray and Little (1985), and Choi and Harris (1991) have developed numerical methods for facilitating crane selections. Zhang et al. (1999), Leung and Tam (1999), and Tam et al. (2001) have studied computerized approaches to optimize the placement of tower cranes and supply location for erection materials. Furusaka and Gray (1984), Tam et al. (2002), Zhang et al. (2003), and Tantisevi and Alinci (2006) implemented various methods to estimate the times required for erections. Lin and Haas (1996), Sivakumar et al. (2003), and Ali et al. (2005) have researched the use of multiple cranes. Due to the rapid development of computer graphics technology, O’Connor et al. (1994), Liu (1995), Amatucci et al. (1997), Bernold et al. (1997), Stone et al. (1999), Lipman and Reed (2000), and Simlog (2005) have been able to develop various simulation and visualization tools for crane operations. Peyret et al. (2000), Cheng and Chen (2002), Navon and Goldschmidt (2003), Sacks et al. (2005), and Lee et al. (2006) have analyzed field data to monitor erection activities. Reddy and Varghese (2002), Kamat and Martinez (2005), and Kang and Miranda (2006) developed automated methods to plan detailed crane motions to ensure its operational efficiency. Kang and Miranda (2008) focused on developing a computational method for coordinating the motion of multiple cranes. The investigators listed above focused mainly on the planning, scheduling, visualizing, and monitoring of crane erection activities. Most of them emphasized the “major portions” of the erection activities such as the jib rotation, trolley movement, and cable extensions. They often ignored or assumed constant times for the process of lifting the structural elements from the ground and the detailed manipulation to place the structural elements at the destination.



2 THE IMPORTANCE OF SIMULATING DETAILED CRANE ACTIVITIES Detailed crane activities are very influential in entire erection processes. Chi (2007) conducted an onsite observation for crane activities and found that the time required for detailed crane activities significantly influ-



ences the overall duration of the erection process. Chi (2007) also pointed out that the time required to secure and lift a rigging object from the ground consumed 10– 48% of the total time in an erection activity. The time required to stabilize and place the rigging object at the destination consumed 25–68% of the total time in an erection activity. These numbers not only indicate the significance of detailed crane motions in terms of time but also show the variation of the time required for detailed crane motions. Therefore, to ignore the time required for detailed crane motions or represent them with constants may result in incorrect simulations or estimations. In this research, we would like to propose a mathematical model, which can represent the detailed crane activities more accurately.



3 THE NEED FOR A MATHEMATICAL CRANE MODEL Using animation is one of the most appropriate methods to simulate detailed crane activities because it visualizes the continuous motion of all the components of a crane, thus presenting all the detailed activities realistically. However, manual generation of animation of detailed motions of a crane is very time consuming. Using common animation software such as 3-D studio Max (Hubbell and Boardman, 1999) or Maya (Derakhshani, 2004), the users have to set key frames in the animation. Key frames are used to define the most important frames in an animation so that the other frames can be inserted in between these key frames. To generate detailed activities in a crane using this type of animation tool, the users need to enter a great number of key frames to define the location and orientation of every part of the crane precisely. Although some add-on functions, such as batch functions and physics-reaction functions, were recently added to reduce the tedious work, this method is extremely difficult to use in real construction projects which typically last for one to two years. If mathematical models were available for all types of cranes, the detailed crane activities can be computed and presented on computers. Because each part of the crane is described numerically, only parameters need to be recorded instead of images for each frame of the animation. The entire construction project can be stored with a series set of parameters in a timetable, which requires much less storage space than using the animation files. In addition, because the mathematical models are available, the detailed and physics-based simulations can be achieved by computing the physical reactions between the crane and the objects in a construction scenario. In short, a mathematical model is beneficial to effectively visualize the detailed crane activities on
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computer. This model not only needs to have sufficient generality for applications on different types of cranes but also needs to accurately reflect real crane operations. 4 RESEARCH SCOPE In this research, the focus was placed on developing a mathematical model for construction cranes. It is the most fundamental component for the generation of animation of detailed crane motions. To be more specific, the scope of this research is listed as follows: 1. A mathematical model to support the generation of detailed crane activities on computer will be developed. 2. The process of the model development is generic so that it can be extended and applied to other type of cranes or construction machinery. 3. The mathematical model can achieve the physicsbased simulation. The cable swing caused by the crane operations and other external forces can be calculated and visualized. 4. This mathematical model can be implemented on computers. An interactive graphical environment
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can be created in which the cranes are visualized in real time. 5. The crane’s detailed activities can be stored numerically instead of using image-based formats. This will enable the simulation of long-period projects.



5 MODELING A TOWER CRANE In this article, a horizontal jib tower crane, the most common type of tower crane used in the United States (Nunnally, 2000), was used as an example to explain the modeling processes. These modeling processes can also be used to model other type of cranes such as crawler cranes. Figure 1 illustrates the main components of a typical horizontal jib crane and relevant terminology. As shown in Figure 1, a horizontal jib tower crane consists of five major parts: (1) tower, (2) horizontal jib, (3) trolley, (4) cable, and (5) hook and rigging system (the sling and rigging object if there is any). In this research, the five components were modeled using a kinematic model and also a dynamic model.



Fig. 1. A typical horizontal jib tower crane.
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The first three parts of the cranes, including tower, horizontal jib, and trolley, are simulated by a kinematic model. This model was used to describe the “ideal” motion of the crane by assuming that no vibrations occur during crane operations. This assumption allows us to use a robotics method to analyze the crane. In this research, the Denavit–Hartenberg notation (Denavit and Hartenberg, 1955), a notation method broadly used in robotics, was employed to develop the manipulator kinematics matrices of a crane. These matrices numerically describe the relationship between the motion of each part of the robot and the end-effector (the free end of a robot). Manipulator kinematics matrices represent the relationship between the motion of each movable part of the crane and the hook location. Since the Denavit–Hartenberg notation is a systematic approach to derive the forward manipulators matrices for nearly all kinds of robots, it can be generally applied on different types of cranes. The other parts of the crane, including cable and rigging system, are simulated by a dynamic model. It was used to simulate the swings of the crane cable, triggered by crane movements (such as jib rotation or trolley translation along the jib) and by inertial forces on the block/hook and the load being lifted. Equations of motion will be derived to represent the physical features and the numerical solver will also be developed to enable solution of the equations on computers. The following two sections detail the development of kinematic and dynamic models for the example tower crane, respectively.



6 KINEMATIC CRANE MODELS Kinematics is the science of motion where motion is treated without regard to the force that caused it (Craig,



1989). The kinematics model allows us to mathematically describe a crane and its motions. In this research, it is particularly useful when we would like to compute the hook location from the movement of each joint or to find the relative motion of the crane components to complete a task. In this research, the tower crane is regarded as a stationary robot. This robot is essentially composed of a series of rigid bodies. To display the robot on computer, the precise positions and orientations of the rigid bodies three-dimensionally have to be known at all times. Take the horizontal tower crane for example; these rigid bodies include all the moveable components of a crane, such as the crane tower, jib, trolley, and hook. Since the rigid bodies are linked, we employed a systematic method to represent their geometrical relationships. In the following sections, the development of the kinematic model for a horizontal-jib tower crane is introduced. The development was separated into two steps. The first step was to use a systematic method to mathematically derive the geometrical relationship between connected crane components. The second step was to develop a kinematic model of an entire crane. 6.1 Relationship between connected crane components As mentioned earlier, the Denavit–Hartenberg notation was adopted to describe the geometrical relationship between crane components using a mathematical form. Denavit–Hartenberg notation defines a coordinate system attached to each joint to describe in a general form the displacement of each link relative to its neighbors. The coordinate system for a joint was notated with a number corresponding to the attached link. In other words, the coordinate system {i} is attached to link i. Figure 2 illustrates a general geometry of a



Fig. 2. Link connection and parameters (Modified from Craig, 1989).
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neighboring pair of links, link i − 1 and link i, in threedimensional space. As shown in the figure, they have a common joint axis, axis i, between them. The geometrical relationship between the joints at the two ends of link i − 1, that is axis i − 1 and axis i, can be described by four parameters: a i −1 ; d i ; α i −1 ; and θ i . The length of link i − 1 is denoted by a i −1 , which is the mutual perpendicular distance between axis i − 1 and axis i. Likewise, a i represents the length of link i, which is the mutual perpendicular distance between axis i and axis i + 1. The distance d i is called the link offset. It is a signed distance measured along axis i from the point, where a i −1 intersects with axis i to the point where a i intersects with axis i. Denoted by α i −1 is the twist angle between axis i − 1 and axis i in the right-hand sense with respect to the direction of a i −1 from axis i − 1 to axis i. The parameter θ i describes the amount of rotation about this common axis between one link and its neighbor and is measured by the rotational angle from a i −1 and a i with respect to axis i in the right-hand sense. By using the parameters defined in Figure 2, the relationship between link i − 1 and i is essentially the transformation matrix between the coordinate systems {i − 1} and {i}. This matrix can be represented in a homogeneous transformation matrix i−1 T i as ⎡ ⎤ −sθi 0 αi−1 cθi ⎢ sθi cαi−1 cθi cαi−1 −sαi−1 −sαi−1 di ⎥ i−1 ⎥ Ti = ⎢ ⎣ sθi sαi−1 cθi sαi−1 −cαi−1 −cαi−1 di ⎦ 0 0 0 1 (1) where i−1 T i maps the coordinate system {i} relative to coordinate system {i − 1}. To obtain a concise presentation, cθ i represents cos(θ i ), sθ i represents sin(θ i ), sα i −1 represents sin(α i −1 ), and cα i −1 represents cos(α i −1 ). To apply Denavit–Hartenberg’s notation to a construction crane, multiple reference coordinate systems are attached to the positions where relative rotations or displacements can occur. The geometrical relationship between the rigid bodies can also be obtained by substituting the correct parameters into Equation (1). 6.2 Kinematic model of an entire crane Having the geometrical relationship between each pair of the neighboring links, a kinematic crane model needs to be developed, which bridges the joint movements (the relative motions between neighboring links) and the end-effector (the position of the hook). In the case of this crane simulation, a kinematic model was used to compute the hook position relative to crane operations, that is, the movement of each part of the crane. The kinematic model can also be inversed to find the crane operations required for a predefined hook position.
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To develop the kinematic model for an entire crane, the coordinate system for the rigid bodies in a tower crane must first be defined. As shown in Figure 3, the first coordinate system {0} (the fixed end of the mechanism) is attached on top of the crane tower, which does not move during crane operations. The second coordinate system {1} overlaps coordinate system {0} but is attached to the jib. In other words, while the crane is rotating, the coordinate system {1} rotates about z 0 (the z axis in coordinate system {0}). The third coordinate system {2} is attached to the center of the trolley. The fourth coordinate system {3} is attached to the hook block. The fifth coordinate system {4} is attached underneath the hook block, so that the relative rotation between the hook block and the hook can be simulated. Using Equation (1), we derive four transformation matrices: 0 T 1 , 1 T 2 , 2 T 3 , and 3 T 4 . 0 T 1 is the transformation function from the base coordinate system {0} fixed to the top of the crane tower to the coordinate system {1}, which represents the jib. Substituting the parameters (a 0 = 0, α 0 = 0◦ , d 1 = 0) into Equation (1), the transformation matrix 0 T 1 is obtained. Similarly, 1 T 2 , 2 T 3 , and 3 T 4 can be developed by substituting the parameters (a 1 = 0, α 1 = −90◦ , θ 2 = 0◦ ), (a 2 = 0, α 2 = −90◦ , θ 3 = 0◦ ), and (a 3 = 0, α 3 = 0◦ , d 4 = 0) into Equation (1). Once the transformation matrices for all pairs of neighboring links have been developed, the forward kinematics function of the tower crane is found by multiplying all the link transformation matrices together. Since the kinematic model is a matrix transferring the coordinate system from {0} to {4}, we denote it by 0 T 4 . The transformation matrix 0 T 4 is developed by multiplying the matrices 0 T 1 , 1 T 2 , 2 T 3 , and 3 T 4 : 0



T 4 = 0 T 11 T 22 T 33 T 4 ⎡ c1 c4 + s1 s4 ⎢ ⎢s1 c4 − c1 s4 =⎢ ⎢ 0 ⎣ 0



s1 c4 − c1 s4



0



−c1 c4 − s1 s4



0



0



−1



0



0



−d2 s1



⎤



⎥ d2 c1 ⎥ ⎥ (2) −d3 ⎥ ⎦ 1



where c 1 denotes cosθ 1 , s 1 denotes sinθ 1 , and θ 1 denotes the rotational angle of the jib with respect to coordinate system {0}. The angle between axis x 0 and axis x 1 measured about axis z 1 is θ 1 . d 2 is the distance from the rotational axis of the jib to the center of the trolley. It is also the distance between axis x 1 and axis x 2 measured along axis z 2 . d 3 is the distance from the center of the trolley to the block, also the distance between axis x 2 and axis x 3 measured along axis z 3 . c 4 denotes cosθ 4 , s 4 denotes sinθ 4 , and θ 4 is the angle between the hook block and hook and also the angle between axis x 3 and axis x 4 measured about axis z 4 .
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Fig. 3. The reference coordinate systems of a tower crane.



The transformation matrix 0 T 4 can be used to describe the orientation and the position of the hook with respect to the fixed coordinate system {0}. The three principal axes in {4} with respect to {0} can be found using Equation (3). 0



R4 =



0 ⎡



X4



0



Y4



0



c1 c4 + s1 s4



⎢ = ⎣ s1 c4 − c1 s4 0



Z4



s1 c4 − c1 s4



−c1 c4 − s1 s4 0



0



⎤



⎥ 0 ⎦ −1



(3)



where the vector 0 X 4 is the unit vector of the x axis of the hook’s coordinate system {4}, with respect to {0}. Similarly, the vector 0 Y 4 is the unit vector of the y axis of the hook’s coordinate system {4}, with respect to {0} and the vector 0 Z 4 is the unit vector of the z axis the hook’s coordinate system {4}, with respect to {0}. The coordinates of the hook position, that is, the origin of {4} are: 0



P4ORG = [−d2 s1 d2 c1 − d3 ]T



(4)



where 0 P 4ORG is the origin of the coordinate system {4} with respect to the coordinate system {0}. Since coordinate system {4} is attached to the hook, this vector also represents the position of the hook with respect to the fixed coordinate system {0} located at the top of the tower. After developing the forward kinematics matrices, inverse kinematics matrices may be developed. Inverse kinematics can be used to find the motions of the joints given the status of the end-effector. In the case of a tower crane, if we know the position and orientation of the crane hook, we can use the inverse kinematics matrix to compute the motions of each joint. In this case, solving Equations (3) and (4) will achieve this.



7 DYNAMIC CRANE MODELS The kinematics model allows us to mathematically describe crane operations under ideal conditions, that is, assuming insignificant cable swing. To avoid cable
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Fig. 4. The crane suspended system: (a) perspective view, (b) suspended system on the x-z plane, and (c) suspended system on the y-z plane.



swing, the operator must rotate the jib or move the trolley very slowly. However, on real construction sites, the assumption of slow operations is not realistic. It is common to see large vibrations caused by either quick lifts or inertial forces generated by crane movements. From field observations, the dynamic motions were as large as 75 to 150 cm (30 to 60 inches). Dynamic motions not only make the crane more difficult to operate, but are hazardous for erection crews. Therefore, in this research, the principles of dynamics are introduced to simulate the “unpredictable” dynamic motions to enhance the degree of accuracy of crane simulations. Specifically, we focus on simulating the vibrations of the elements suspended from the trolley. This includes the vibrations of the cable, block, hook, sling, and the element being lifted. Vibrations caused by deformations in the tower and jib are estimated to approximately range from 3 to 10 cm (1 to 4 inches). They are significantly smaller than those of the suspended elements, and thus have been neglected in our simulation model. In other words, the tower and jib are assumed to be rigid bodies in the crane model. Only vibrations produced by the rigid body rotation of the jib and translation of the trolley along the jib are taken into account.



To numerically model the dynamics of the suspended system, four steps are followed: (1) model the suspended system, (2) develop equations of motion, (3) determine all external forces, and (4) solve the equations. These steps are explained in the following. 7.1 Model crane suspended system Consider the system shown in Figure 4. The suspended system of a crane includes the crane cable, the block, the hook, the sling, and the element being lifted. Figures 4b and 4c are the projections of a crane. The crane cable and the rigging object (depicted as a beam) swing in a three-dimensional space. To analyze the dynamic motion of this suspended system, the right hand coordinate system shown in Figure 4a is used. The origin of the coordinate system is the center of the trolley. The x-axis is defined along the jib and is positive towards the tip of the jib. The y-axis is perpendicular to the jib, and the z-axis is in the upward vertical direction. Figure 4b shows the motion in the x-z plane and Figure 4c shows the motion in the y-z plane. Figure 5 shows the suspended system in the x-z plane. There are two basic elements. The first element is the
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Fig. 5. An idealized model of a crane’s suspended system.



combination of the hook block and hook (henceforth referred to as the block and hook) suspended from the trolley, and the second element is the object being lifted. The connection between the trolley and the cable is idealized as a frictionless hinge; a spatial hinge which allows the hook/block to freely rotate around the z-axis. Due to the gravity, during crane operations, the cables remain approximately straight, even during dynamic motion. Therefore in the model, the cable is assumed to be a massless rigid bar of length L 1 . The block and hook are assumed to have a lumped mass m 1 with a negligible mass moment of inertia. The connection between the massless rigid bar representing the cable and the block/hook is assumed to be rigid and therefore undergoes the same rotation. The element being lifted is assumed to have a lumped mass m 2 and a mass moment of inertia I G 2x in the x-z plane (rotation about an axis parallel to the y axis). The sling is modeled as a massless rigid bar with length L 2 , which rotates about a frictionless pin located at the center of mass m 1 . The connection between the lower massless rigid bar and the object being lifted is assumed to be rigid such that both elements undergo the same rotation.



Figure 6a shows a three-dimensional deformed configuration of the suspended system. To illustrate the three-dimensional environment, we draw two cones (dashed) to indicate the regions where the upper and lower massless rigid bars can swing. From Figure 6a we can see that the lumped mass m 1 swings out of the page and to the right. The mass m 2 also swings out of the page but to the left. To explain the three-dimensional motion, we define two reference coordinate systems—an upper and a lower. The upper coordinate system is attached to the frictionless hinge on top of the system (x 1 y 1 z 1 coordinate system in Figure 6a). The lower coordinate system (x 2 y 2 z 2 coordinate system in Figure 6a) is centered at the lumped mass m 1 with the same orientation as the upper coordinate system. These two coordinate systems are parallel to each other, having no relative rotation. In Figure 6, α 1 is the angle between the upper massless bar and the z 1 axis, α 2 is the angle between the lower massless bar and the z 2 axis, θ 1x is the angle between the upper massless bar and the y 1 -z 1 plane, θ 2x is the angle between the lower massless bar and the y 2 -z 2 plane, θ 1y is the angle between the upper massless bar and the x 1 -z 1 plane, θ 2y is the angle between the lower



Numerical methods to simulate and visualize detailed crane activities



177



Fig. 6. A idealized crane model in a deformed position.



massless bar and the x 2 -z 2 plane, L 1x is the length of the upper massless bar projected onto the x 1 -z 1 plane, L 2x is the length of the lower massless bar projected onto the x 2 -z 2 plane, L 1y is the length of the upper massless bar projected onto the y 1 -z 1 plane, and L 2y is the length of the lower massless bar projected onto y 2 -z 2 plane. I G 2x is the mass moment of inertia of the element being lifted rotating in the x-z plane (about an axis parallel to the y axis), and I G 2y denotes the mass moment of inertia of the element being lifted rotating in the y-z plane (about an axis parallel to the x axis).



7.2 Equations of motion By using the already described model of the suspended crane system, we are able to derive the equations of motion. To simplify the derivation, four assumptions are made: 1. The mass of each crane cable is negligible; the mass of the cables are much smaller than the mass of the hook block and much smaller than the mass of the rigging object. 2. The cables are straight at all times. 3. The crane tower, jib (boom) and trolley are rigid bodies. Furthermore, it is assumed that the jib is a rigid body rotating about the drum placed on top of the tower and that the trolley translates as a rigid body along the lower face of the jib. 4. The cables have infinite axial stiffness (their lengthening and shortening is neglected).



To simplify presentation of the equations of motion, we first analyze the system as if only dynamic motion occurs in the plane parallel to the jib (x-z plane). Later on it will be shown that motion in any direction can be computed from motion occurring in the x-z and y-z planes. In Figure 7, the idealized model from Figure 5 is modified so that the dynamic system is only allowed to move in the x-z plane. In other words, rotation of the hinge out of the x-z plane is not considered. This modified system is the same as the system shown in Figure 7, except that the three-dimensional upper pin has been replaced by a two-dimensional pin. Figure 7c shows a free body diagram of the system where gravity forces acting on the upper and lower masses are indicated as well as external lateral (horizontal) forces P 1x and P 2x . These external forces can be dynamic external forces directly applied to the masses, such as wind forces, or as it will be shown later, effective dynamic (inertial) forces resulting from the motion of the jib and trolley. From the dynamic equilibrium diagram shown in Figure 7c, the distances from the upper pin (point A) and the center of the lump masses m 1 and m 2 can be found by x1 = L1x sin θ1x



(5)



x2 = L1x sin θ1x + L2x sin θ2x



(6)



z1 = L1x cos θ1x



(7)



z2 = L1x cos θ1x + L2x cos θ2x



(8)
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Fig. 7. Rigging a beam element in the plane parallel to the crane jib: (a) rigging system, (b) idealized model, and (c) free body diagram.



Equations of motion are derived by considering equilibrium of the moment. The first equation of motion can be derived by equating the sum of the moments about point A to zero: 



(9) MA = 0 Substituting the various forces shown in Figure 7c into Equation (9) and considering clockwise moments as positive: −(−m1 x¨ 1 + P1x )z1 − (−m2 x¨ 2 + P2x )z2 + (m1 g + m1 z¨ 1 )x1 + (m2 g + m2 z¨ 2 )x2 + IG2x θ¨ 2x = 0



(10)



Similarly, the second equation of motion can be derived by equating the sum of the moments about point B to zero: 



MB = 0 (11) Substituting the various forces acting on the lower mass shown in Figure 7c into (11) and taking clockwise moments as positive we obtain: −(−m2 x¨ 2 + P2x )(z2 − z1 ) + (m2 g + m2 z¨ 2 )(x2 − x1 ) + IG2x θ¨ 2x = 0 (12)



By subtracting (10) from (12): −(−m1x¨ 1 + P1x )z1 − (−m2 x¨ 2 + P2x )z1 + (m1 g + m1 z¨ 1 )x1 + (m2 g + m2 z¨ 2 )x1 = 0



(13)



Substituting (5)–(8) into (10) and after substitution of various trigonometric identities and some algebraic manipulation, we obtain (m1 + m2 )L21x θ¨ 1x + m2 L1x L2x θ¨ 2x cos(θ1x − θ2x ) 2 sin(θ1x − θ2x )(m1 + m2 ) + m2 L1x L2x θ˙ 2x × L1x g sin θ1x = (P1x + P2x )L1x cos θ1x



(14)



Similarly, substituting Equations (5)–(8) into (13), we obtain IG2x θ¨ 2x + m2 L22x θ¨ 2x + m2 L1x L2x θ¨ 1x cos(θ1x − θ2x ) 2 − m2 L1x L2x θ˙ 2x sin(θ1x − θ2x )



+ m2 L2x g sin θ2x = P2x L2x cos θ2x



(15)



Based on detailed observations of structural elements and other types of elements or materials being lifted by cranes in various construction projects, it was found that the amplitudes of rotations α 1 and α 2 are usually less than 10◦ . Since θ 1x and θ 1y are equal to or less than α 1
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and θ 2x and θ 2y are also equal to or less than α 2 , then θ 1x , θ 1y , θ 2x , and θ 2y are all less than 10◦ in most situations during an erection process. The error from assuming L 1x or L 1y to be equal to L 1 , and from assuming L 2x or L 2x is equal to L 2 when α 1 and α 2 are less than 10◦ is less than 1.5% (1 − cos (10◦ ) ≈ 0.015). Therefore when α 1 and α 2 are less than 10◦ , it is appropriate to approximate L 1x and L 1y by L 1 and L 2x and L 2y by L 2 . Therefore, a three-dimensional idealized crane model can be approximately decoupled into two dynamic systems. The first system vibrates only in the plane parallel to the jib (x-z plane) and the other system vibrates only on a plane perpendicular to the jib (y-z plane). Since θ 1x , θ 1y , θ 2x , and θ 2y are assumed to be smaller than 10◦ , then sinθ 1x ≈ θ 1x , sinθ 2x ≈ θ 2x , cosθ 2x ≈ 1, cosθ 2y ≈ 1, cos(θ 1x − θ 2x ) ≈ 1, sin(θ 1x − θ 2x ) ≈ θ 1x − θ 2x and terms 2 2 , θ˙ 2x are very small compared with the containing θ˙1x other terms and can be neglected. Equation (14) then simplifies to (m1 + m2 )L21 θ¨ 1x + m2 L1 L2 θ¨ 2x + (m1 + m2 )gL1 θ1x = (P1x + P2x )L1 (16) Similarly, Equation (15) is simplified to IG2x θ¨ 2x + m2 L22 θ¨ 2x + m2 L1 L2 θ¨ 1x + m2 L2 gθ2x = P2x L2 (17) Equations (14) and (15) can be represented in matrix form: 



(m1 + m2 )L21



m2 L1 L2







θ¨ 1x θ¨ 2x







m2 L1 L2 IG2x + m2 L22   θ1x (m1 + m2 )gL1 0 + θ2x 0 m2 gL2



 (P1x + P2x )L1 = P2x L2



as follows: 



(m1 + m2 )L21
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m2 L1 L2







θ¨ 1y θ¨ 2y







m2 L1 L2 IG2y + m2 L22   0 (m1 + m2 )gL1 θ1y + θ2y 0 m2 gL2



 (P1y + P2y )L1 = P2y L2



(19)



where I G 2y is the mass moment of inertia of the rigging object with respect to the axis perpendicular to the y-z plane. Although in Figure 8 I G 2y seems very small, it needs to be noted that I G 2y is not necessarily small since the object being lifted may not always be parallel to the jib. Therefore, we need to compute this term correctly and include it in the equation. Finally, it is assumed that the dynamic system is classically damped. A Caughey viscous damping term is introduced to each equation of motion to represent the decay of amplitude of the vibration. The damping coefficient is given by √ (20) c = 2 km · ξ where c denotes the damping coefficient of the dynamic system, ξ denotes the modal damping ratio (assumed to be 0.2% in this research for both modes), k denotes the stiffness term, and m denotes the mass term of the decoupled equations of motion from Equations (18) and (19), respectively. 7.3 Effective forces



(18)



The system of differential equations shown in (18) corresponds to motions occurring in the x-z plane (parallel to the jib). A similar derivation can be done for the motion in the y-z plane, which is perpendicular to the jib. As shown in Figure 8, the idealized model has been slightly modified to restrict the hinge to allow rotation only in the y-z plane. Figure 8c shows the free body diagram including the external lateral (horizontal) forces P 1y and P 2y. . Using the free body diagram shown in Figure 8c and following the same procedure used for the x-z plane, the other two equations of motion of this system are found



The effective forces are P 1x , P 1y , P 2x , and P 1y , as shown in Equations (18) and (19). The effective forces are inertia forces caused by horizontal motions of the trolley. Such motions are produced by the rotation of the jib and radial translation of the trolley. The method of determining these effective forces is described as follows. Figure 9a illustrates a crane at a specific time instance. Figures 9b and 9c illustrate the dynamic systems with effective forces in x-z plane and y-z plane. In Figure 9a, θ jib denotes the rotational angle of the crane jib and d trolley denotes the radial movement of the trolley. Both variables are measured in the coordinate system {0} located on top of the tower. From Figure 9b, it can be seen that the effective forces P 1x and P 2x can be calculated by:   2 P1x = −m1 − dtrolley θ˙ jib + d¨ trolley (21)   2 + d¨ trolley P2x = −m2 − dtrolley θ˙ jib



(22)



where m 1 is the mass of the hook block, m 2 is the mass of the rigging object, θ˙ jib is the angular velocity of the
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Fig. 8. Rigging beam element in the plane perpendicular to crane jib: (a) rigging system, (b) idealized model, and (c) free body diagram.



crane jib (the positive direction being counterclockwise around the z 0 axis), d¨ trolley is the acceleration of the trolley movement with respect to coordinate system {0}. The first terms in the inertia forces in Equations (21) and (22) are associated to centrifugal (radial) forces produced by angular velocities of the jib whereas the second terms are produced by the translation of the trolley. Similarly, the external forces, P 1y and P 2y , applied to the system in the plane perpendicular to the jib (y-z plane) are calculated by P1y = −m1 dtrolley θ¨ jib



(23)



P2y = −m2 dtrolley θ¨ jib



(24)



where θ¨ jib is the angular acceleration of the jib. The positive direction is counterclockwise around the z 0 axis.



broadly employed to solve differential equations for the single-degree-of-freedom dynamic system. m(t)u(t) ¨ + c(t)u(t) ˙ + k(t)u(t) = p(t)



(25)



where m(t) is the mass term in the system at time t; c(t) is the viscous damping term in the system at time t; k(t) is the stiffness term in the system at time t; p(t) is the external force in the system at time t; u(t), u(t), ˙ and u(t) ¨ denote the displacement, velocity, and acceleration of the system at time t, respectively. During time step t i , the implanted function computes necessary terms in Equation (27), including m(t i ), c(t i ), k(t i ), and p(t i ), and finds the displacement and velocity for the next time step, that is, to find u(t ˙ i+1 ) and u(t i+1 ) by using the following equations. u(t ˙ i+1 ) = u(t ˙ i ) + [(1 − γ )t]u(t ¨ i ) + (γ t)u(t ¨ i+1 ) (26) u(ti+1 ) = u(ti ) + (t)u(t ˙ i ) + [(0.5 − β(t)2 ]u(t ¨ i+1 )



7.4 Solving the equations The Newmark (1959) method is used to solve the equations of motion derived above. The Newmark method is



¨ i+1 ) + [β(t)2 ]u(t



(27)



An average acceleration scheme (with α and γ given as 0.5 and 0.25, respectively) was used in this research.
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Fig. 9. Crane motions and effective forces: (a) 3-D perspective view of a tower crane, (b) effective forces in the x-z plane, and (c) effective forces in the y-z plane.



More discussion about the Newmark method and parameter selection can be found in Chopra (2000).



8 IMPLEMENTATION OF THE VISUALIZATION OF A CRANE To validate the feasibility of the mathematical model developed above, a computer system was implemented in which detailed virtual crane activities were generated. The following sections explain the implementation environment, the system architecture, visualization generator, and the animation controller.



The Microsoft .NET framework (Platt, 2003) was implemented on the computer system using C# (Champlain and Patrick, 2005), an object-oriented programming (OOP) language. The most important reason for choosing the C# language is that it is very powerful in developing “managed code” that can be executed using the Common Language Runtime (CLR)—the platform on the .NET Framework. The CLR provides services such as security, memory management, and cross-language integration, which not only makes the computer software more robust and efficient but also potentially reduces the effort required to develop extension functions in the future.



8.1 Implementation environment Since one of the goals of this research is to develop generic methods to be applied to various scenarios, we chose a typical personal computer system to demonstrate this. The computer is equipped with a 2.8 GHz central processor, 1 GB memory, and a 1 GHz graphics processor; a mid-ranged computer in the year 2007 in terms of computational speed.



8.2 System architecture and workflow The system is composed of five major components: (1) a mathematical crane model (including a kinematic submodel and a dynamic submodel), (2) a numerical solver for the equations of motion, (3) a visualization generator for rendering cranes and objects in the virtual environment, (4) an animation controller, and (5) a time
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Fig. 10. Workflow of the mathematical-based crane visualization.



history file. Figure 10 illustrates these components and the information flow in this system. During implementation, five classes were created using the OOP language for each component in the system. Each class includes the source code that specifies each object’s behavior and state variables. The objects will be created while the software is running. Their state variables will be assigned to; their behavior will be executed. The whole process is triggered by the system user. This user will be denoted as the “operator” because he or she is an operator of the virtual crane in the system. The operator is allowed to send the commands by the keyboard to control the virtual crane. For example, he or she can press r-key to rotate the jib clockwise or Rkey to rotate the jib counterclockwise. While the operator is sending a command, the system first performs a numerical analysis and then sends the result to the visualization generator. The animation frame will be rendered on the computer screen to provide feedback for the operator. For real-time visualization, the duration between the operator input (keyboard commands) and the system output (animation frame) needs to be within the time of a refresh cycle (0.1 seconds in the presented case) for the animation to run smoothly. The numerical analysis starts from the code for the crane object. The equations developed by kinematic and dynamic modeling are used to compute the position and orientation of each component of the crane. A kinematic model enables the computer to transfer the command (the movement of a specific component of the crane) for the exact position and orientation of all the components of the crane in each time frame. By combining the crane’s behavior in multiple time frames, the motion of each part of the crane can be obtained and inputted into the dynamic model, that is, the equations of motion explained previously. Since the length of the crane cable may be varied, the dynamic model needs to be regenerated accordingly to correctly simulate the



dynamic behavior during that time frame. After the system generates the dynamic model, the equation solver will then be used to compute the position and orientation of cable and rigging element. The computer system provides both real-time animation and playback animation. For real-time animation, results computed from the numerical analysis are sent to the visualization generator directly to render the results. Although there is a 0.1-second gap between the command input and visualization output, the operators cannot perceive this gap and feel that they are operating the crane in real time. The system will store the time history of the crane’s motion in a file for the playback animation. A time history record includes all the parameters needed to render a crane in a specific time frame. After all the records are stored in a file, we can visualize the crane’s detailed activities using the animation controller. The animation controller retrieves the crane’s parameters from the time history record and sends them to the visualization generator sequentially in each refresh cycle. Since all the time history records are included on the file, the animation is capable of providing the functions similar to that of a video player such as play, pause, fast forward, and rewind. The following sections will explain the details about the visualization generator and animation controller. 8.3 Visualization generator To visualize construction cranes on computers, OpenGL (Shreiner et al., 2003), a graphical language library broadly used in the areas of computer graphics, was used in this research. OpenGL is capable of rendering three-dimensional objects on a computer, from input of the objects’ geometrical features such as the size, shape, and color. After setting an appropriate viewpoint, view angle, and light sources, the OpenGL built-in functions will process the information, perform the necessary computations (usually a great number of
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matrix transformations), and then render the objects. Since the perspective and color shading have been modeled by OpenGL functions, users can perceive a three-dimensional scenario on a flat screen. To model a construction crane using OpenGL, static parameters were introduced to describe the dimension of the crane and continuous-changing variables to describe the motion of the crane. There are three static parameters: (1) the location of the crane, (2) the height of the tower, and (3) the length of the jib. Eight variables were defined to describe the position of each part of the crane. They are the rotational angle of the jib, trolley radial distance from the tower, cable length, two angles to describe the swing of the cable, and three other variables to describe the orientation of rigging objects. It was found that the three parameters and eight variables were sufficient to visualize a construction crane. The setting of light sources, view points, and perspective parameters during implementation of the visualization generator is also important to render cranes and their activities properly in an OpenGL platform. An explanation for these issues is out of the scope of this article. Readers may refer to Shreiner et al. (2003) and Hearn and Baker (2003) for more details. 8.4 Animation controller To generate the animation of crane motions, the method used in this research was to continuously change the variables of the crane model while quickly redrawing. When the time duration between redrawing is short enough, viewers will not notice the redraw-
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ing procedure and consider what they see as continuous motion. For example, if we want to visualize the rotation of the crane, we can continuously update the value of the rotational angle in the codes and redraw the crane. The crane jib at different rotational angles can subsequently be re-rendered, resulting in an animation that shows the jib rotations. Similarly, the same method can also be used to animate the operation of trolley radial motions or cable lifting and lowering movements. In other words, to generate an animation of any kind of crane motion in an OpenGL environment, computer functions need to be written to continuously update the variables for each degree-of-freedom of the crane and render the virtual scenario for each time step. During the time interval between redrawing, the equations of motion described in the previous section are also solved numerically to compute the parameters regarding crane motions, which results in realistic dynamic crane animations. Figure 11 shows selected snapshots of the animation file, which visualize part of an erection activity in a virtual construction site. The graphics shown in Figure 11 were generated using OpenGL codes and a predefined time history file. OpenGL codes were used to create the scene of the crane, building, materials, and other objects at a jobsite. A computer function was developed to implement the visualization. This function first reads the records of the time history of crane movement, stores it in the memory buffer, and continuously updates variables related to each part of the crane and renders the scene. Using a fast refresh frequency (redrawing the image many



Fig. 11. Snapshots of the visualization of an erection cycle.
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times per second), the animation becomes smooth. In this computer function, the refresh frequency of the animation can be set depending on the speed of the computer hardware. This program achieved 10 frames per second while running on the demonstration computer system. In addition, the computer program has some interactive functions to enhance the animation. Users are able to use a computer mouse and keyboard to play the animation at different speeds, change the view angles of the scene, or walk through the virtual environment. In Figure 11, an entire erection cycle was illustrated by a series of snapshots. The frame number was marked in the left-upper corner of each snapshot. From frame 1,500 to 2,100, the crane is transporting a beam from the material storage location to the target location. Then the crane lowers the rigging beam and waits for the workers to secure the beam to the building structure. Because the crane remains still during the processes, the frames between 2,100 to 4,100 were eliminated. From the snapshot of frame 4,100 to 4,500, the crane rotates back to the material location and prepares the next erection. As mentioned earlier, this animation was played in the speed of 10 frames per second. The erection time for the cycle shown in Figure 11 is approximately 30 seconds.



9 BENEFITS OF USING THE MATHEMATICAL MODEL Using the time history file to store and render the crane activities enables the visualization of the erection processes of a real construction site. The major advantage of introducing the time history in the visualization process is that it can significantly reduce the computer storage space when we visualize an entire construction project. Construction projects can often take more than one year. The erection processes alone often take more than six months, which represents approximately 1,000 working hours. If we wanted to visualize the whole erection process in the virtual environment, computer storage space might become a problem. If we choose a common movie file format, such as the “avi” or “mpeg” format, an animation of 1,000 hours may require more than 3,000 gigabytes (1 giga = 109 ). Even if the file was to be compressed or the resolution reduced, the animation file still needs more than 300 gigabytes of storage space. Using the program developed in this research to visualize erection activities significantly reduces the required storage space. The program reads the time history file and generates the visualization in real time. It was found that a 1,000-working hour project can be stored in a time history file of less than 300 megabytes



(1 mega = 106 ) in this research. This is only one 10,000th the size of a movie file format. In addition, the program-generated animation provides interactive functions (such as a user-defined view point and walk through capabilities), which a movie format does not. The users are allowed to navigate around the virtual construction site and gain a better understanding of the construction processes. 10 CONCLUSIONS AND FUTURE WORKS Detailed crane activities are the most fundamental and significant components when we simulate the erection process of cranes. The major contribution of this research is to build up a systematic procedure to obtain kinematic and dynamic crane models. A computer program that implemented the developed numerical methods was used. The computer program was executed using a middle-ranged personal computer, and it was found that the program provided users with a smooth visualization of the virtual and interactive environment. Since all of the crane’s activities are presented numerically rather than in a movie format, users benefit from a higher quality simulation and lower storage space requirements, especially for long-term projects. Although the mathematical crane model and visualization generator has been developed, the virtual crane still needs to be manually operated to simulate its motion. In the future, it will be necessary to integrate the mathematical model with path-planning methods and project planning tools to increase the degree of automation of the simulation processes. When operationallevel visualizations can be produced automatically or semi-automatically, this will not only reduce the manhours and costs, but also improve the quality of simulations to produce a construction simulation on a virtual environment. ACKNOWLEDGMENTS We thank Professor Kincho H. Law for providing valuable suggestions while deriving the equations of motion for the crane’s dynamic behavior. We also thank Mr. Hon-Lin Chi for his assistance in producing Figures 1 and 2. REFERENCES Ali, M. S., Babu, N. R. & Varghese, K. (2005), Collision free path planning of cooperative crane manipulators using genetic algorithm, Journal of Computing in Civil Engineering, 19(2), 182–93. Amatucci, E., Bostelman, R., Dagalakis, N. & Tsai, T. (1997), Summary of modeling and simulation for NIST RoboCrane applications, in Proceedings of the 1997 Deneb International
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