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Abstract 

A rule-based simulation program is developed for application to building construction. From a specified task 
schedule, the program generates and simulates a motion path for each robot action, avoiding obstacles and 
incorporating interaction, safety and other considerations. 
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1. The RUBICON Project 

Simulation refers to the computational mod- 
elling of a process described by the activity net- 
work of construction tasks, the spatial description 
of each robot action, and an accompanying repre- 
sentation of the evolving building at each state in 
time. A simulation can be used to make observa- 
tions on the feasibility of each task and to main- 
tain a running measure of construction time and 
cost. This simulation can also provide a graphical 
display of the building project. In general, a simu- 
lation can be used to study the productivity of 
alternate construction plans and alternate re- 
source mixes. 

2. Project example and scope 

Japanese precast concrete residential building. 
Fig. 1 illustrates a rendering of three stories of a 
typical 5 story, 40 unit building; Fig. 2 shows the 
floor plan of a single unit. 

The simulation requires a building construc- 
tion task plan describing the construction ele- 
ments and the construction process as a task 
schedule. The simulator translates each task into 
a robot motion plan using a rule-based descrip- 
tion of the robot agents. These motion plans 
reflect the respective robot's motional capabilities 
and limits, and they avoid any collision. The 
simulation also rejects impossible tasks and al- 
lows for a variety of different robot types. The 
result of the simulation consists of a graphical 
visualization of these motion plans, together with 
the building under construction. 

For the demonstration of the RUBICON sim- 
ulator we chose the construction of a typical 
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3. Task planning 

The input to the simulator consists of a task 
plan. This is a detailed plan describing the con- 
struction elements and the construction process 
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as a task schedule. Each task is to be performed 
by a human or a robot crew. To design a task 
plan, one must determine the crew resources, 
both robot and human, and determine the con- 
struction elements and the construction se- 
quence, that is, the order in which the different 
components will be handled. Subsequently, a task 
file can be built, specifying the construction ele- 
ments, i.e., their name and geometry, and the 
sequence of tasks. 

Declare an element (type) as 

element length width height 

An example of a typical construction element 
may be 

WALL-PANEL-1 13.20 0.10 2.40 

A task line specifies the estimated duration, 
the construction component to be handled, its 
start and final position and orientation and the 
performing crew or robot type. A component 
name is specified as 

element .floor .part 

Declare a robot task as 

M duration component 

( start-position, start-orientation) 

robot-type ( end-p., end-o .) 

A typical robot task may be: "Move Wall Panel 
Mark 1, Floor 1, Part #5 (WALL-PANEL-I.I .5)  
from truck site (0.0, -4 .0 ,  2.0) to position x-y-z 
(54.4, 6.6, 1.2) with the Robot Overhead Crane. 
Estimated time is 0.16 days". The corresponding 
input line reads 

M 0.16 WALL-PANEL-I . I .5  

(0.0 - 4 . 0  2.0 0 0 0) 

crane hoist (54.4 6.6 1.2 0 0 - 9 0 )  

Declare a human crew task as 

P duration component (start-position, 

start-orientation) crew 

A typical human crew task may be: "Attach Wall 
Panel Mark 1, Floor 1, Part #5 (WALL-PANEL- 
1.1.5) at truck site (0.0, -4 .0 ,  2.0) to Robot 
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Fig. 1. Typical 40 unit building during construction. 
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Overhead Crane. Estimated time is 0.03 days". 
The corresponding input line is 

P 0.03 WALL-PANEL-I . I .5  (0.0 - 4 . 0  2.0 0 0 0) 

connecting_ crew 

Part of the design work may be automated 
with the help of a planning software such as 
PLANEX [1]. PLANEX is a knowledge-based 
expert system for process planning. It generates a 
project activity plan that is a general description 
of the sequence of activities involved in the pro- 
cess. Such an activity plan must be post-processed, 
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Fig. 3. A robot crane. 
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either manually or automatically, to deliver a task 
plan that is detailed enough for the RUBICON 
program. A purpose-built task planner that would 
interface between RUBICON and an existing 
construction management software needs to ad- 
dress the issues of project scheduling, building 
geometry, construction elements, activity dura- 
tion, task sequencing and resource allocation. 

4. Robot mot ions  

Robots for construction are characterized by 
their ability to lift, move and place sizable con- 
struction components from the delivery location 
to the placement location. We consider two dif- 
ferent robot types: a robot crane for handling 
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Fig. 4. A robot towmotor with (a) stationary rotational motion 
and (b) translational motion along its axis, 
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Fig. 5. Three frames to describe the configuration of a robot. 

heavy components; a robot towmotor for palet- 
tized materials. These two types are illustrated in 
Figs. 3 and 4 respectively. 

The description of a robot encompasses a rep- 
resentation of its configuration, i.e., position and 
orientation, over time, its motional capabilities 
and its configurational limits. We use a fixed 
number of frames and transforms to describe a 
robot's configuration at a particular time, intro- 
duce a set of control parameters to capture possi- 
ble configurational changes over time, associate 
motion rules to these control parameters to de- 
scribe a robot's motional capabilities, and add 
extremum values to the control parameters to 
represent the configurational limits. 

A robot can be described in terms of the 
configuration of its components to each of which 
we rigidly attach a coordinate system or frame [2]. 
See Fig. 5. A transform describes one frame 
relative to another. A minimal description of a 

U robot involves the following transforms: B T de- 
scribes the base frame relative to the universal 
frame; BTT describes the tool frame with respect 

T to the base frame; and o T describes the object 
frame with respect to the tool frame. The object 
frame is described relative to the universal frame 

U U T by the composite transform o T =B ~ r T o  T. 
The ability of these transforms to change over 

time and, as a result, the relative configuration of 
the bodies they describe, is captured in a set of 
control parameters. For each transform, these 
parameters correspond to the respective degrees 
of freedom (DOF) of the body relative to its 

reference frame. Physically, the relationship be- 
tween the end-effector and the base of the robot 
is defined by a set of links and joints, generally 
formed into an open kinematic chain. These joints 
can be either rotational (change of orientation) or 
prismatic (translational change). The number of 
DOF of the robot's end-effector, with respect to 
the base and for an open kinematic chain, corre- 
sponds in most cases to the number of joints. The 
set of valid control parameters consists of x, y, z, 
~0, 4' and 0, where x,  y ,  z define translations 
parallel to the respective axes and ~0, 4,, 0 define 
rotations about the X-, Y- and Z-axis, respec- 
tively. 

The motional capabilities of the base of a 
robot often are dependent  on the current config- 
uration of the base and, thus, defined locally. 
However, the configuration itself is defined rela- 
tive to a reference frame that is fixed with respect 
to the body's motion. Motion rules are conceived 
to describe a robot's motional capabilities possi- 
bly independent of its configuration. Foremost, 
however, they form a tool to embody the dis- 
cretization of time in the simulation process. A 
motion rule generally defines the value of a con- 
trol parameter at time t + At, where At denotes 
the time step, in terms of the control parameter 's 
values at time t and their initial and step values. 
The initial values are the values of the control 
parameters at time 0. Under  the assumption of 
constant velocity, for each control parameter  we 
can specify a motion step as a constant value. 
Each parameter also has a minimum and maxi- 
mum value specified in accordance with the rela- 
tive workspace of the body. This workspace is 
roughly the volume of space which the body can 
reach in at least one orientation, relative to its 
reference frame [2]. 

5. Robot behavior 

In the simulation, we are concerned with the 
role that a particular robot plays in the construc- 
tion process and with its place in, and its relation 
to, the environment, that is, the site as well as the 
building under construction, the human labor 
crews and the other robots involved in the con- 
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struction. This relation and, therefore, the robot's 
behavior, is constrained by physical obstacles, 
task-specified and other interactions, and safety 
and other considerations. A motion language is 
developed that serves as a means to specify this 
behavior and, in particular, to specify the order in 
which the allowed motion steps should be pro- 
posed, for each robot or body. The choice of a 
specific motion step is dependent  on the particu- 
lar situation of the robot at the moment, accord- 
ing to the specified behavior. Then, all motion 
rules that contain the motion step in question are 
invoked, and the corresponding control parame- 
ters are updated. 

The basic building blocks of the motion lan- 
guage are the motion command elements. Motion 
commands may be grouped into series of motion 
steps using control structure elements. The lan- 
guage also allows for the use of variables; it is 
completed with a set of functions that may be 

used within assignments or as command argu- 
ments. For a more elaborate explanation of the 
elements of the language, we refer to [3]. 

6. The RUBICON program 

The input to the RUBICON program consists 
of two kinds of files. One file contains the task 
plan, that is, the description of the components 
and of the construction process as a sequence of 
tasks each of which is performed by a human or 
robot crew. For each robot agent specified in the 
task plan, a motion file is read in that contains a 
description of the motional capabilities of the 
robot and the motion rule set describing its in- 
tended behavior, expressed in the motion lan- 
guage specified above. 

The output of the RUBICON program is a 
graphical simulation of the construction process 

Fig. 6. Snapshot of the RUBICON graphical user interface. 
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as specified in the task plan, with a visualization 
of the motional actions of the robot agents and of 
the transportation of the construction compo- 
nents by these agents, and with a specification of 
the process time. The output is controlled through 
an audio/video-like control panel with buttons 
for play, fast play, next, previous, pause and stop. 
Fast play is achieved by unmaterializing the robot 
agent; next and previous instantly jump to the 
next, respectively previous, construction compo- 
nent. 

Other interface panels allow the user to choose 
and load a new task plan and corresponding 
motion files, alter the 3D-viewing parameters, 
alter the displayed grid, and view the current 
process time (see Fig. 6). 

7. Simulation results 

The RUBICON program serves the project 
planning engineer in studying alternate task plans, 
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Fig. 7. Alternate task sequences (snapshots from the simulation): (a) floor-by-floor and (b) staircase-by-staircase. 
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alternate resource mixes and the use of alternate 
robot types in the construction process. Results 
of the program include productivity measures, 
such as total project time and number of human 
crews and robot agents used. The following are 
some simple examples illustrating the possibilities 
of the program to study the results of alternate 
input. 

The simulation demonstrates how alternate 
task sequences, such as floor-by-floor or stair- 
case-by-staircase construction of residential build- 
ing examples, result in different robot paths and, 
therefore, productivity (see Fig. 7). 

Different project durations may result from 
alternate resource mixes; e.g., given the two tasks 
of robot panel connection and panel grouting the 
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Fig. 8. Dual robot task plan (snapshots from the simulation): (a) a crane positions the wall-panels and (b) a towmotor places the 
palettized materials. 
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difference in duration for either one or two hu- 
man c rews- -one  connecting and one grout ing-- is  
obvious. 

The productivity of a robot crane depends on 
the position of the crane on the site, e.g., mid-site 
or at the edge of the site, and on its ability to be 
repositioned during construction. Multiple cranes 
also influence productivity. 

The simulation program has the ability to rec- 
ognize impossible plans and to reveal inefficien- 
cies in task plans; e.g., when using a towmotor, it 
is imperative that there exists a path from the 
pick-up location to the delivery location, large 
enough for the towmotor. Also, whether  an effi- 
cient path exists for the towmotor may depend on 
the order of positioning of the construction com- 
ponents, such as wall panels. 

Productivity may be further enhanced through 
the (simultaneous) use of different robot types, 
e.g., crane robot and towmotor, using each for 
materials it handles best. Fig. 8 illustrates the use 
of two different robot types in a construction. 

Other  considerations that are important are 
motion constraints such as the reach of a crane, 
or safety considerations that regulate robo t -hu-  
man crew interaction, e.g., a load may not pass 
overhead of a grouting crew. 

ner. The kinematic capability of each robot is 
described by a motion rule set, and rule chains 
for finding paths can subsequently be entered. 
Two simple examples were used within this study: 
a crane, and a towmotor. The simulation pro- 
gram, RUBICON,  is demonstrated for a residen- 
tial building example constructed with precast 
concrete panels. Applicable task plans are manu- 
ally generated; a task plan produced by a knowl- 
edge-based expert system, PLANEX, is also ex- 
amined. Examples are chosen to show that the 
R U B I C O N  simulation can recognize impossible 
plans, can reveal inefficiencies in task plans, can 
illustrate the influence of crane placement,  and 
can simulate influences on productivity of human 
and robot crew interaction. 

R U B I C O N  may serve as a tool for construc- 
tion company engineers to perform studies on 
real project task plans; engineers /deve lopers  may 
use R U B I C O N  to develop better  task planners. 
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8. Conclusion 

A distinctive feature of robotic construction is 
the need for a path to be associated with each 
robot action. The simulation program described 
here incorporates, within it, an automatic path 
planner which returns a path for each action. The 
path planner was developed as a rule-based plan- 
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