1SITE CONTROLLER: A system for computer-aidedcivil engineering and construction.byPhilip GreenspunAbstractA revolution in earthmoving, a $100 billion industry, can be achieved with three components:the GPS location system, sensors and computers in earthmoving vehicles, and SITECONTROLLER, a central computer system that maintains design data and directs operations.The first two components are widely available; I built SITE CONTROLLER to complete thetriangle and describe it here.Civil engineering challenges computer scientists in the following areas: computationalgeometry, large spatial databases, floating-point artihmetic, software reliability,management of complexity, and real-time control. SITE CONTROLLER demonstrates that mostof these challenges may be surmounted by the use of state-of-the-art algorithms, objectdatabases, software development tools, and code-generation techniques. The system works wellenough that Caterpillar was able to use SITE CONTROLLER to supervise operations of a 160-tonautonomous truck.SITE CONTROLLER assists civil engineers in the design, estimation, and construction ofearthworks, including hazardous waste site remediation. The core of SITE CONTROLLER is asite modelling system that represents existing and prospective terrain shapes, road andproperty boundaries, hydrology, important features such as trees, utility lines, and general usernotations. Around this core are analysis, simulation, and vehicle control tools. Integratingthese modules into one program enables civil engineers and contractors to use a single interfaceand database throughout the life of a project.This area is exciting because so much of the infrastructure is in place. A small effort bycomputer scientists could cut the cost of earthmoving in half, enabling poor countries to buildroads and rich countries to clean up hazardous waste.This report is a revised version of a thesis submitted to the Department of ElectricalEngineering and Computer Science in February, 1993, in partial fulfillment of the requirementsfor the degree of Master of Science.This report describes research done at the Artificial Intelligence Laboratory of theMassachusetts Institute of Technology. Support for this research is provided in part by theAdvanced Research Projects Agency of the Department of Defense under Office of NavalResearch contract N00014-92-J-4097 and by the National Science Foundation under grant numberMIP-9001651.

2In Memory of George, 1983-1991.

3AcknowledgmentsM.I.T. in general and the A.I. Lab in particular are remarkably supportive environments. WhenI started this project, I was wandering around the 7th floor looking for a copy of an oldSIGGRAPH proceedings containing an article on triangulation. A stranger asked me why Ineeded it and I explained that I wanted to write terrain modelling software using triangulatedsurveyed points. He turned out to be Jim Little, who�d solved this very problem in the 1970�s,and his guidance in the months that followed saved me weeks in the library.Greg Baecher and Dwight Sangrey lent me their vision of the future of civil engineering. JoelPeterson and the rest of the folks at Caterpillar gave me faith that industry can innovate andthat useful work can be done in 47�C (116�F) heat.My advisor and friend Gerry Sussman demonstrated that one can reach Nerdvana by inquiringfor one�s entire life. Andy Berlin, always my idea of the model graduate student, sagaciouslyprevented me from spending the rest of my life on this particular report. Henry Wu taught mehow to build real circuits. Kleanthes Koniaris suggested changes that would have substan-tially spiced up the text�I only wish Bill Clinton had taken office earlier so that I mighthave adopted more of his suggestions without fear of prosecution. The rest of the 4th floor pro-vided me with friendship, entertainment, and assistance of every kind.Fairness compels me to acknowledge above all the cruel discipline of the marketplace. Forwithout it, I might not have realized my m�tier as a graduate student.

4

5Table of Contents1.What is Site Controller?....................................................................................... 92.Site Controller and a Typical Project................................................................. 112.1.Describing the Virgin Site............................................................................. 112.2.Studying Alternative Surfaces....................................................................... 132.3.Simulating Construction................................................................................ 142.4.Controlling Construction................................................................................ 142.5.Litigation (the Way of All Business)............................................................. 153.Why Earthmoving?.............................................................................................. 174.Pioneering Civil Engineering Software............................................................ 215.Selecting Software Development Tools............................................................ 235.1.Language Requirements................................................................................. 235.1.1.Automatic Storage Management..................................................... 235.1.2.Object-Oriented Programming......................................................... 245.1.3.Higher-Order Procedures............................................................... 265.1.4.Metalinguistic Abstraction............................................................. 275.1.5.Arithmetic.................................................................................... 275.1.6.Compactness.................................................................................. 295.2.Environment Requirements............................................................................. 305.3.Choosing the Lisp Machine........................................................................... 306.Site Controller Description.................................................................................. 336.0.System Overview.......................................................................................... 336.1.Philg Substrate System................................................................................. 356.1.1.Graphics and Plotting.................................................................... 356.1.2.User Interface Facilities................................................................. 356.2.Land Hacker Core System.............................................................................. 376.2.1.Geometry and Graphics Substrate................................................... 376.2.2.Surface Modelling Data Structures.................................................. 376.2.2.1.Triangulated Irregular Networks..................................... 376.2.2.2.Piecewise-Planar Model.................................................. 386.2.2.3.Surveyed Points.............................................................. 386.2.2.4.Triangles........................................................................ 396.2.2.5.Edges.............................................................................. 396.2.3.Triangulation................................................................................. 396.2.3.1.Delaunay Triangulation.................................................. 406.2.3.2.Constrained Delaunay Triangulation............................... 416.2.4.Surfaces......................................................................................... 426.3.Surface Visualization................................................................................... 436.3.1.Contour Mapping............................................................................ 436.3.2.Perspective Line Drawings............................................................. 44

66.3.2.1.General Algorithm.......................................................... 446.3.2.2.Recursive clipping........................................................... 466.3.2.3.Real work....................................................................... 476.3.3.Rendering...................................................................................... 506.3.4.Prospective Surfaces....................................................................... 506.3.5.Volumetric Computation with Surfaces........................................... 546.3.6.Intervisibility............................................................................... 566.3.7.Convex Hull................................................................................... 576.3.8.Hydrology..................................................................................... 586.3.9.Traditional CAD subsystem............................................................ 596.3.10.FRAME code.................................................................................. 606.3.11.Site Data Structure........................................................................ 616.3.12.Site Feature Quadtree.................................................................... 616.3.13.C1 Surface Model........................................................................... 626.3.14.Drawing a Scale............................................................................. 666.3.15.Ruler............................................................................................. 676.3.16.Undo System.................................................................................. 686.3.17.Lot Boundaries............................................................................... 686.3.18.Zoning Law Tree............................................................................. 696.3.19.Utility Lines.................................................................................. 706.3.20.Vector Fonts................................................................................... 706.3.21.Site View User Interface................................................................ 716.3.21.1.Substrate of Higher-Order Procedures.............................. 716.3.21.2.Mouse Commands............................................................ 726.4.Mine Planning Extension................................................................................ 736.4.1.Boring Data................................................................................... 746.4.2.Building Seams from Borings.......................................................... 746.4.3.Representing a Mining Plan............................................................ 756.4.4.User Interface................................................................................ 766.5.Actor Simulator............................................................................................ 766.5.1.Simulation Control......................................................................... 766.5.2.Actor Class Structure...................................................................... 776.5.3.Personnel Database........................................................................ 796.5.4.Terrain Objects............................................................................... 796.6.Real-World Site Control............................................................................... 796.6.1.Basic System Structure................................................................... 806.6.2.Actor Class Extensions.................................................................... 806.6.3.User Interface................................................................................ 806.6.4.Communications............................................................................. 817.Lessons Learned..................................................................................................... 837.1.Comprehensive Site Databases are Good....................................................... 837.2.Real Database Management would be Nice.................................................... 837.2.1.Standard Database Management Systems....................................... 847.2.2.Object-Oriented Databases............................................................. 867.2.3.Version Management and Coordinating Multiple Designers............. 89

77.3.Floating-point Arithmetic is Bad.................................................................. 897.4.Programming Environments Matter................................................................ 907.5.Algorithm Animation Aids Debugging........................................................... 938.Conclusion.............................................................................................................. 95Glossary.......................................................................................................................... 97References...................................................................................................................... 101Index............................................................................................................................... 107

8

91 . What is SITE CONTROLLER?Advances in computer systems, computational geometry algorithms, and location systems havemade computer-aided earthmoving feasible. Compared with traditional techniques, computercontrol should cut the cost of earthmoving by 50-75%. The three principal components requiredto effect a revolution in earthmoving are the following: a central computer system thatmaintains design data and directs operations; a location system that can determine the positionof earthmoving vehicles in real time; and on-vehicle computers that assist the operator and/ordirectly control implements.Location systems and on-vehicle computers are available today. I built SITE CONTROLLER, anexample of the critical missing component, in order to underline the fact that computer-aidedearthmoving is feasible today. SITE CONTROLLER is a Common Lisp program that assists civilengineers in the design, estimation, and construction phases of earthmoving projects. The core ofSITE CONTROLLER is a site modelling system that represents the following: existing andprospective terrain shapes; road and property boundaries; hydrology; important features suchas trees and utility lines; and general user notations. Around this core are analysis, simulation,and vehicle control tools.Terrain is represented by surfaces interpolated through triangulated sets of points of known el-evation. The most basic surface model simply postulates a plane for each triangle, resulting ina faceted surface like that of a cut gemstone. When smooth contour lines are desired, a C1surface model is computed by making each triangle a nine-parameter polynomial surface andmatching up first derivatives at triangle borders. Existing topography can be entered in theform of surveyed points while prospective topography is captured from user-sketched contourlines.Analysis software consists primarily of procedures that calculate the interaction between exist-ing and prospective surfaces: Where would one have to excavate and fill to achieve a specifiedroadbed? How much earth would have to be trucked onto the site to build this foundation?What would the site look like after certain design ideas have been adopted?Simulation software allows the user to plan earthmoving activities, then watch them progressin simulation and see the evolution of terrain shape. This provides a basis for accurateestimation of construction costs. Hand-in-glove with the simulation software is real-timevehicle communication and control. Site model information to aid equipment operators is sentover radio modems while vehicle location and operation information (e.g., engine temperature)comes back. SITE CONTROLLER keeps a record of activity so that any particular operation maybe replayed on-screen in the future.

10My experience building and using SITE CONTROLLER provides valuable lessons for the future:¥ a substantial percentage of bugs may be traced to the use of floating-point arithmeticand untyped geometric operations. Reliable systems will require formal methods oferror control or exact arithmetic and modern approaches to geometric programming.¥ high-level programming languages, such as Lisp, and the best available softwaredevelopment tools allow a practical system to be built with only moderate effort.¥ reasonably intelligent software decomposition with a modern object system providesenough flexibility for extensions into unforeseen areas of civil engineering.¥ state-of-the-art computational geometry algorithms are barely adequate for copingwith the constantly evolving surfaces created by operating bulldozers. I present onesolution to the problem of representing surfaces cut by bulldozers.¥ comprehensive site models are the key to making a useful system and one must becareful to avoid the pitfalls of computer-aided design (CAD) systems where rawgeometry is used to represent real-world objects that have important non-geometricalcharacteristics.¥ integrated computer-aided civil engineering systems will strain object databasesystems to their limits in the areas of performance, version control, synchronization andintegrity.Civil engineering and construction are enormous areas of human endeavor that have remainedalmost completely unsupported by computers. SITE CONTROLLER proves that a revolutionaffecting hundreds of billions of dollars of projects might be achieved by a small group ofcomputer scientists.

112 . SITE CONTROLLER and a Typical ProjectThis section shows how SITE CONTROLLER is useful in all phases of an earthmoving project.2.1.Describing the Virgin SiteRebecca, a civil engineer, sits down at a computer running SITE CONTROLLER. She is thenpresented with a collection of non-overlapping windows that cover the screen. Moving themouse over the largest window, she clicks to get help and up pops a menu. This menu describesall the commands accessible in that window. A novice would choose commands from the menu,but an expert like Rebecca can invoke any command directly by holding down the correct shiftkeys and mouse buttons.Rebecca clicks the mouse to �choose a site to edit in this view� and a menu pops up with thenames of all the sites plus an option to �define a new site,� which she selects. A dialog box popsup. After filling in values such as the site name and possibly overriding defaults for suchparameters as contouring interval, Rebecca is ready to use the new site.

12of SURVEYED-POINTs in the new site�s default SURFACE, Surveyed Surface1. SITECONTROLLER now knows the elevation of Surveyed Surface at, say, 150 points. Rebecca has anold contour map of the area and wants to make sure that there are no glaring errors in her data.So she clicks the mouse to see a contour map of the surface, i.e., the intersections of the surfacewith regularly-spaced planes of constant elevation.Intersections between Surveyed Surface and horizontal planes will occur at arbitrary locations,yet SITE CONTROLLER only knows the elevation of the surface at 150 discrete locations. Thus,some kind of continuous surface must be interpolated through those points. SITE CONTROLLERconstructs the Delaunay triangulation of the 150 surveyed points (see Figure 2.1), a tiling of thesite with triangles such that the vertex of each triangle is a point of known elevation. TheDelaunay triangulation is notable because it results in triangles that are close to equilateral (asopposed to long and skinny). Since three points determine a plane, a natural piecewise-planarfaceted surface model springs immediately from the triangulation. This kind of C0 surfacewould look somewhat like a cut diamond, with sharp edges between facets.Rebecca can now see that the contours do not match those in her existing map, and that, inparticular, there is a 500 meter high, 2 meter wide tower in the middle of the site. A click ofthe mouse suffices to superimpose the contour map in blue and the Delaunay triangulation inred. Rebecca rolls the mouse around on the screen while little highlighting boxes appeararound the nearest surveyed points. She positions the mouse so that the point that appears tobe the summit of the peak is highlighted and clicks to describe it. In one of the auxiliarystatistics windows, the point prints out its (x,y,z) value and provenance. Rebecca notes that theelevation of this point is implausible and was likely due to a data entry error; a flourish of themouse suffices to delete it from Surveyed Surface and the Delaunay triangulation isrecalculated.Although the new contour map lacks the extraneous 500 meter peak, Rebecca is unhappy withthe appearance of the contours. Planar triangular facets intersect with horizontal planes inline segments. Thus, contour lines are not smooth but rather piecewise-linear with jaggedcorners at triangle boundaries. Although these are not necessarily less accurate than smoothlines, Rebecca is a traditionalist and has trouble visualizing the site.Rebecca�s next mouse click asks SITE CONTROLLER for smooth contouring. Each triangle is nowa nine-parameter polynomial surface, with first derivatives continuous across triangle borders.These polynomial surfaces intersect with horizontal planes in smooth curves and Rebecca ishappy.Wishing to obtain design assistance from SITE CONTROLLER in the future, Rebecca decides toadd objects to the site model. Using a digitizing tablet to trace over some existing blueprints,she defines roads and enters data about their pavement width, right-of-way width, centerlinepath, and 3D profile. Rebecca traces over the property boundaries, buried gas and electric lines,and important site features such as buildings. SITE CONTROLLER represents these real-world

1Class names and other fragments of Lisp code such as procedure and message names are shownin upper case; instances of classes are shown in italics.

13objects with corresponding objects in the site database. Site Controller can answer questionsabout gas lines because a gas line is represented as a full-fledged object known to be a hazard,not just as a few graphical entities on the screen with a human-readable label.2.2.Studying Alternative SurfacesRebecca has been hired by Evergreen Development to figure out how to turn some nice rollingfarmland (Bucolic Farm) into the maximum legal number of tract houses (Evergreen Estates).SITE CONTROLLER helps Rebecca to break up Bucolic Farm into lots that satisfy the zoninglaws of all relevant political entities. In particular, SITE CONTROLLER is able to representzoning criteria such as minimum frontage (along a road), minimum lot area, how far back septicdrainage fields must be set from the property boundaries, and whether portions of the lot thatare steeply sloped may be included in the minimum area. Once a general layout is complete,Rebecca turns her attention to sculpting the terrain.Each structure must sit on a flat �building pad� and Rebecca clicks the mouse to define a newprospective surface for the first house lot (Lot 1 Surface). Stretching a boundary polygon aroundthe area to be reshaped, she sketches in new contour lines and surveyed points. After thecontours for the lot look good, she instructs SITE CONTROLLER to combine the real SurveyedSurface with her prospective Lot 1 Surface. SITE CONTROLLER does this by �sewing together�the two surfaces at the boundary polygon, preventing any elevation information from beinginterpolated using data from the other side of the boundary. All the original surveyed datawithin Lot 1 Surface�s boundary polygon is ignored. Rebecca asks for a contour map of the newcombined surface and satisfies herself with the soundness of the result. Rebecca proceeds in thismanner to sketch in surfaces for more houses, roads, and possibly common parks.After Rebecca has finished a Final Surface consisting of the original Surveyed Surfacecombined with dozens of prospectives, Evergreen asks her to estimate the earthmoving cost.SITE CONTROLLER is able to make a map of the cut-and-fill required to realize Final whenstarting with Surveyed, i.e., each area that must be excavated is highlighted in one colorwhile areas that must be filled in are shown in another. In addition, SITE CONTROLLERautomatically calculates the amount of earth that must be trucked on or off the site to realizeFinal. Finding this number to be excessive, Rebecca raises the tennis courts to use up excess earthexcavated from the house lots.However, this causes Miriam, Evergreen�s architect, to worry that the buyers of Lot 37 willhave an obscured view of a nearby lake. Rebecca asks SITE CONTROLLER to calculateintervisibility between the lake and a hypothetical second floor window in Lot 37. Learningthat the view is in fact obscured, Rebecca raises the building pad for Lot 37 and Miriam becomesconcerned that the terrain looks unnatural when viewed from Lot 21 and that this won�t appealto their granola-eating customer base. Rebecca says �look at the contour map�you can see thenatural beauty of the tract.� Unfortunately, Miriam isn�t used to reading contour maps and can�tvisualize the site. SITE CONTROLLER obliges by generating a perspective view from theviewpoint of a first floor window on Lot 21 facing Lot 37. Miriam is now satisfied.

14Hydrology questions are important at this point; i.e., where are the ridges, streams, drainagebasins, and pools. Rebecca wants to know what will happen if there is a �100-year storm� (theworst one might expect in 100 years on this site). She finds that a stream cuts right across one ofthe roads and concludes, by looking at some of the ridge lines, that the stream drains a largebasin. A severe storm will drop a substantial quantity of water in that basin and the streamwill therefore have enough power to wash out the road. Rebecca adds roadside drainageditches and a culvert (a pipe underneath the road to let the stream flow through).22.3.Simulating ConstructionOnce the design objectives are clear and agreed upon, Rebecca�s engineering task is complete andshe hands off the design to Rachel, a local contractor. Rachel uses the same site database toplan the earthmoving job of turning Bucolic Farm into Evergreen Estates. She uses SITECONTROLLER�s simulator to specify the paths of two bulldozers moving over the site, cuttingSurveyed Surface to the elevation of Final Surface. The simulator shows Rachel the bulldozersmoving and the evolution of the surface as the bulldozer blades carve. Rachel can use the simu-lator to plan construction so that machines are utilized efficiently and the entire job is done at areasonable cost on a schedule acceptable to Evergreen.32.4.Controlling ConstructionEvergreen accepts Rachel�s bid and work commences. Rachel installs SITE CONTROLLER on acomputer inside the construction site�s trailer and attaches radio modems to the computer�sserial port. Rachel has fitted her earthmovers with Global Positioning System (GPS)navigation systems, implement position sensors and, in some cases, computer interfaces to thehydraulic systems that position the implement.Because Rachel has a stationary GPS system in a fixed known location on the site, the mobileGPS receivers are correctable to an accuracy of a few millimeters. While the earthmovers areoperating, they keep SITE CONTROLLER apprised of their position and status by sendingpackets back via the radio modems. SITE CONTROLLER in turn pulls relevant data from thesite model and sends it back to the earthmover. For example, as a backhoe operator�s blade getsclose to a gas line, a warning is automatically sent out (if the vehicle were appropriatelyequipped, data from the site model would restrict the range of the backhoe�s motion so that con-tact with the gas line was impossible). Bulldozers roughing out sections of the site are sentdata about the design surface so the operator may be informed that �the blade is now 2 feetabove the design surface.� Motor graders finishing a layer of gravel on a roadbed arecompletely controlled by SITE CONTROLLER working with on-board computers�blade heightcontrol is taken out of the operator�s hands, enabling the vehicle to be driven faster and by lessskilled operators.In fact, servo control of implements enables Rachel to perform precision work with cheapmachines such as bulldozers when formerly expensive graders were required. A motor grader is

2This portion of Site Controller needs substantial additional development.3This portion of Site Controller needs some rethinking before it will be useful.

15not 35 meters long because that is the minimum size necessary to carry the blade, but because ahuman operator is incapable of working smoothly without a long baseline. However, acomputer can rapidly compensate for a vehicle�s roll or pitch and therefore a hyperstableplatform may be superfluous.2.5.Litigation (the Way of All Business)A year after the yuppies move into Evergreen Estates, a portion of the main road crumbles.Evergreen sues Rachel, alleging that she inadequately compacted the roadbed before paving.At the trial, Rachel brings her laptop running SITE CONTROLLER into the courtroom. The jurysees that SITE CONTROLLER is able to reproduce from its database the state of theBucolic/Evergreen project at any time during construction. Rachel moves the playback historydate up to the day when the roadbed was compacted and the jury sees the compactor rollingback and forth the 10 times specified by Rebecca�s engineering plans. Rachel is off the hook.Of course, Rebecca is now sued for specifying an inadequate degree of compaction... .Twenty years after Evergreen Estates are finished, occupants of adjacent Hidden ValleyMansions sue Rebecca, Rachel, and Evergreen when their doctors find elevated levels of cad-mium among Hidden Valley residents. The lawsuit alleges that 1) the farmer on Bucolic Farmswas a gadget freak who tossed hundreds of dead NiCd batteries behind his barn, 2) Rachelused the earth containing the batteries to fill in the Evergreen Estates baseball diamond, and 3)Rebecca�s plan allowed runoff from the baseball diamond to flow into Hidden Valley. Racheluses SITE CONTROLLER�s historical database to show that earth excavated from behind saidbarn was used for fill at the tennis courts and further uses SITE CONTROLLER�s hydrologyanalysis tools to show that no runoff from the baseball diamond or the tennis courts could flowinto Hidden Valley. Case dismissed.

16

173 . Why Earthmoving?Construction is the largest industry in most countries, even in highly developed regions such asEurope, North America, and Japan. Indeed, the products of the construction industry determinewhether or not a country is considered �developed� or �developing.� Third World countriesmay contain regions of great productivity or great beauty, but without roads to transport goodsand people those resources are useless. By contrast, countries not blessed by Nature may makeup for deficiencies with construction. Portions of Europe blighted by bad weather anduninteresting topography have been rendered charming by structures built over the centuries.Similarly, regardless of what resources are inherent in the land, high productivity can beachieved with roads, power plants, high-speed rail links, and modern factories.Although construction in the United States is not typical of the rest of the world, it is wellcharacterized. New construction in the U.S. was worth $446 billion in 1990, or 8% of GNP.Adding the value of alterations, maintenance, and �unspecified� work, the total is nearer $700billion, or 12% of GNP [U.S. Department of Commerce 1991; Bureau of the Census 1987]. U.S.construction directly employs over 5 million people, or about 5% of the labor force�withoutincluding people employed by material suppliers and equipment manufacturers [U.S.Department of Labor 1989]. This fraction of the labor force has been more or less constant since1920, when statistics were first calculated.Since the mid-1960�s, both industry productivity and size relative to the economy have been de-clining. The value of new construction fell from 11.9% of GNP in 1966 to 8.1% in 1990.Productivity has similarly declined by at least 33% over the same period [Demsetz 1989]. Avariety of factors have contributed to the decline in importance and effectiveness of constructionin the U.S.:¥ Many of the things worth building have been built. The first bridge over a river isbuilt in the easiest location and has the most value to people formerly forced to takeferries. Subsequent bridges provide some convenience and congestion relief, but on aver-age cost more and are worth less. Similarly, most of the best sources of hydroelectricpower in the U.S. have been tapped.¥ People purchase less of goods and services that represent poor value. When car radiosand mobile phones were expensive and highway construction cheap, people spent taxdollars on highways. Today, people may think it wiser to buy a Sony car stereo andcellular phone that will make traffic jams endurable than to pay an inefficient gov-ernment/industry coalition to build a new highway.¥ As an ever-greater portion of the nation is covered with buildings, roads, and facto-ries, a growing percentage of construction is renovation and redevelopment, which maybe more labor-intensive than new construction.¥ Techniques have stagnated, yet wages rise. Since productivity is the amount of outputper labor dollar, people who produce no more per hour but get paid more per hour willbe called �less productive.� U.S. firms invest only about 0.4% of revenues in R&D andthus innovations must be imported from Europe and Japan, where 1% of revenues are soinvested.

18Construction in the rest of the world differs in several consistent respects. In the Third World, agreater proportion of GNP is spent on construction and much of that is spent on traditionalearthmoving projects. Because Third World construction still uses a lot of manual labor,productivity is rising as more machines are introduced. Europe and Japan differ from the U.S.primarily in that their construction firms invest in R&D and are constantly developing newtechniques that increase productivity.When tackling the problem of improving construction productivity, earthmoving is a naturalplace to look for automation opportunities. All kinds of earthmoving jobs are essentiallysimilar, whether hazardous waste is being excavated or a roadbed being laid. This contrastswith building construction where techniques used to build a steel-and-glass office tower may beof no use when constructing a brick apartment house. Earthmoving represents a sizablepercentage of the entire construction industry, from about 10% in the U.S. to perhaps 30% in theThird World. Furthermore, all the building blocks that make computer-aided earthmovingpossible have become available recently. These include the following:¥ accurate rugged inexpensive location systems, notably the Global Positioning Systemof satellites¥ computational geometry algorithms capable of efficiently handling problems as theamount of data gets large enough to accurately model real sites¥ object data management systems that are orders of magnitude faster at handling thekind of data that arise in civil engineering than are traditional relational databases¥ inexpensive powerful computers.Before diving into the specifics of applying new technologies, let�s step back for a minute andconsider which earthmoving problems are considered inadequately addressed by current tech-nology.Hazardous waste site remediation is one of the few civil engineering problems that hasattracted the attention of the American public. Respondents to a Louis Harris poll rated aclean environment more important than a satisfactory sex life [Stutz 1990].4 In the UnitedStates alone, there are over 1,200 Superfund sites and cost estimates for remediating those sitesrange from 500 to 1,200 billion dollars. More sites are added to the Superfund list each year andyet, since the program�s inception in 1980, only 33 sites have been fully cleaned up at a cost ofover $10 billion. Superfund sites represent only a fraction of the contaminated earth in the U.S.and thus it should be clear that even a rich society such as the U.S. cannot afford to clean up allof its hazardous waste with existing techniques.Cleaning up a hazardous waste site consists essentially of surveying the site, developing a planfor excavation, excavating the contaminated earth and moving it to a disposal or incinerationsite, and finally, somehow restoring the original site to a usable condition. Many of the stepsinvolved in cleanup are the same as for a traditional earthmoving job, except that record-

4I can remember when the air was clean and sex was dirty. � George Burns

19keeping requirements are more stringent and workers must be protected from hazardousmaterials.Another glaring problem, albeit one that overlaps somewhat with hazardous wasteremediation, is that of equipment utilization. Ask most people to visualize a construction siteand their first response is �I see a bunch of enormous yellow machines sitting idle while a fewworkers stand around either making measurements or staring at blueprints.� Given that eachyellow machine can cost nearly one million dollars and is only used about one third of the timeon a typical construction job, it is natural to think that if one could keep the equipment runningconstantly the job could be completed faster and cheaper. Machine operators often must wait forhours while surveyors study blueprints, make measurements and finally drive stakes into theground to show the operators where and how much to cut. The key to moving earth produc-tively is to use location and control systems that free equipment operators from reliance on sur-veyors and blueprints. This is well understood by mine operators, who strive for, and regularlyachieve, over 90% equipment utilization, 24 hours a day.That equipment productivity is the most important goal is thrown into sharp focus by ThirdWorld projects. Labor is nearly free when compared with a $500,000 bulldozer or $700,000truck, so the cost of the project is entirely determined by the number of days on which machinesare rented and the cost of maintaining those machines.One of the biggest inadequately solved problems is one that we have created ourselves: com-pliance with legal and regulatory demands. If one wanted to start an automobile company inturn-of-the-century America, all one needed to do was design a saleable product. Today, onewould first have to hire dozens of lawyers to work for a year just to read all the relevant lawsand regulations. Cars are safer and cleaner today, but 19th century business practices no longersuffice. Litigation and regulation have similarly complicated earthmoving, yet business prac-tices have not adapted nearly as well to the new environment. One result is that compliancewith regulations is enormously burdensome and therefore expensive. Another is that nearly ev-ery large construction job gives birth to at least one lawsuit.Inaccurate estimates often give rise to lawsuits. If the estimate is too low, the contractor willlose money unless he somehow manages to foist the blame for the cost overrun on someone else.In fact, some contractors underbid jobs on purpose with the expectation that a fair price will berecovered in a subsequent lawsuit over undisclosed or unforeseen conditions on the site. Thispractice dates back at least to the mid-1800�s and the enlargement of the Erie Canal: �It was anotorious fact that contractors did not scan very closely the character of the work they werebidding for, the main thing being to get the work, which according to law, must go to the lowestbidder. Political, and possibly corrupt influence, was firmly relied upon to get �relief� from theCanal Board at Albany.� [Ainsworth 1901] Computer-aided estimation and simulation avail-able to both the client and contractor might make for a better understanding of the task by bothparties, more realistic estimates, and hence less litigation.Feeding the government paperwork monster is a task to which computers have proved equal inother fields. However, without complete information about a construction project from start to

20finish, such as where each bucketful of contaminated earth came from and is going to, it is im-possible for computer systems to be of much use in satisfying regulatory filing requirements.To summarize, I chose to work in computer-aided earthmoving because it is an area where asmall amount of engineering effort can yield enormous dividends due to the primitive nature ofcurrent techniques and the new challenges that face society.

214 . Pioneering Civil Engineering SoftwareOne machine can do the work of fifty ordinary men. No machine can do the work of oneextraordinary man. � Elbert HubbardCivil engineers have been extremely poorly served compared with other kinds of engineers bythe computer software community. Factors contributing to the dearth of useful software includethe following:¥ Computers can do almost nothing to help construction without knowing where ma-chines and materials are physically located, yet accurate, inexpensive location systemsare barely available even today.¥ Civil engineering is unstructured and requires much more flexible databases and soft-ware than other disciplines. On a construction site, nothing can be predicted; in a fac-tory, everything can be controlled.¥ Design civil engineers get paid by the hour and are therefore not necessarily hungryfor productivity aids.¥ Design civil engineers have little money and are not used to making capital invest-ments, yet civil engineering problems require massive computational resources thatwere prohibitively expensive until recently.¥ Efficient computational geometry algorithms were not available until the 1980�s sothat, even given massive computers, civil engineering problems would have beenintractable with the algorithms of the day¥ Civil engineers generally lack formal computer science backgrounds and are unable towrite complex tools themselves. By contrast, the most sophisticated CAE (computer-aided engineering) programs to date were written by electrical engineers to solveintegrated-circuit design problems.Characterizing the smallest civil engineering site to a useful level of detail requires at leastseveral megabytes of memory. Manipulating and displaying that data in real time requires acomputer capable of at least 10 MIPS. Until the late 1980�s, the smallest computers capable ofbeing useful assistants to the civil engineer cost over $100,000. Thus, building design softwarefor civil engineers would have been pointless because, even if one had given away software free,few users would have been able to afford the requisite hardware. Construction firms accus-tomed to investing heavily in capital equipment would not have found such software useful be-cause location systems were too expensive and inaccurate.Even in the 1990�s, building a comprehensive solution to the problems of civil engineeringdesign, earthmoving, and site maintenance will require the most advanced tools, the bestprogrammers, the latest, most efficient algorithms. Such a system would likely be larger andmore complex than the most comprehensive electrical and mechanical CAE systems.Undaunted by these formidable challenges, a group at MIT in the 1960�s developed theIntegrated Civil Engineering System (ICES), the progenitor of all computer-aided civil engi-neering programs [Roos 1967]. ICES was a programming environment for solving civil

22engineering problems. Starting from the primitive foundation of FORTRAN running on the IBMSystem/360, ICES provided many of the features of modern programming environments.A cornerstone of ICES is metalinguistic abstraction (see ⁄5.1.4), i.e., defining �problem-orientedlanguages.� The most famous ICES languages are COGO (COordinate GeOmetry), carried overfrom a 1960 effort on the IBM 1620, and STRUDL, a system for structural analysis. All of theproblem-oriented languages were implemented in ICETRAN, an extension of FORTRAN thatwas compiled into FORTRAN by a preprocessor.Dynamic linking, compound data structures, dynamic memory allocation, and pointers for link-ing data structures made ICETRAN programmers substantially more productive than theircounterparts using FORTRAN and standard tools.COGO was widely adopted for processing survey data by civil engineers working with comput-ers. Even today, dozens of COGO implementations are available for personal computers. Amore important legacy of ICES was the blossoming of software development groups inside largecivil engineering firms during the 1970�s. In-house programs were developed to facilitate landand building design, generate three-dimensional graphics, and perform all kinds of analysis.Digital Equipment�s VAX minicomputer was the first machine capable of supporting draftsmenand engineers interactively at a reasonable price. By the early 1980�s, CAD firms such asIntergraph were selling products for mapping and earthworks design to anyone willing to invest$1 million. Unfortunately, such systems seldom proved economical. Clients were unwilling topay an hourly supplement for a designer using a computer, the management-of-complexityproblems did not justify a $1 million system, and the available programs were simply not muchmore powerful than manual techniques.The 1990�s should be the decade in which civil engineers are finally able to get meaningfulassistance from computers, and SITE CONTROLLER is an example of the kind of software that Ienvision becoming commonplace by the end of the decade.

235 . Selecting Software Development ToolsIn building SITE CONTROLLER, I hoped to substantially improve on the state of the art incomputer-aided earthmoving with only my own efforts over a period of a few months. It wastherefore important to choose a productive software development environment, consisting of aprogramming language and tools such as compilers, linkers, and debuggers.5.1.Language RequirementsI settled upon the following language requirements:¥ automatic storage management¥ modern object system with method combination and a class hierarchy that can beextended at run-time¥ ability to write higher-order procedures¥ ability to perform metalinguistic abstraction¥ powerful arithmetic incorporating both a formal model of absolutely machine-inde-pendent generic arithmetic and support for exact arithmetic¥ compact (few lines of code)The next sections describe in detail each requirement.5.1.1.Automatic Storage ManagementComputer-aided design and engineering programs all have the characteristic that objects of un-predictable size are frequently created in response to user actions. With an integrated-circuitdesign program, the user might add a transistor or connection. With a mechanical design pro-gram, the user might add a lightening hole to a suspension arm. With a site modelling pro-gram, the user might add a simple blueprint annotation or something as complex as a scannedphotograph. In all of these cases, the object must be stored until it is explicitly deleted by theuser. It is possible for the programmer to manage the storage of these objects explicitly, allocat-ing storage from a heap when the user creates an object and calling a deallocation procedurewhen the user deletes the object.Much more difficult is the management of objects created as intermediate steps in geometriccomputation. For example, a database may store certain data in a singly-linked list for storageefficiency. However, it may be impossible to perform a certain kind of analysis efficientlywithout a doubly-linked list. In response to a user query, data is extracted from a portion of thedatabase, stored in a doubly-linked list and manipulated by numerous procedures to obtain a re-sult. A typical bug arises when a procedure deallocates the temporary data structure, but an-other procedure, possibly programmed by a different individual, still holds a pointer to thatdata structure and doesn�t realize that the pointer is no longer valid. Meanwhile, the heapmanager has allocated the storage space to another part of the program and two procedures arehammering away at the same memory locations, each unaware that the other has overwrittenits data.

24It is theoretically possible for programs to track every object they use and explicitly identifyobjects that are no longer needed. In practice, especially in the CAE world where complex sys-tems and multiple cooperating programmers are the rule, programmers make mistakes and stor-age allocation bugs bedevil the system. Typical large CAE programs are hobbled by ad hocstorage management schemes that are both slow and imperfect. Users come to accept the factthat the program will crash occasionally and guard against it by storing multiple versions ofthe database on disk.Automatic storage management works by giving the programmer the illusion that the comput-er�s memory is infinite. There are procedures that allocate storage, but no deallocation proce-dures. Every so often the garbage collector looks through the memory, finds objects that canprovably no longer be accessed, and makes the memory consumed by those objects available forreuse. For example, a temporary data structure that was available only as a local variable of aprocedure that has terminated would be garbage collected because there is no pointer anywherein the memory that refers to it. In theory, garbage collection slows down execution because thegarbage collector is dumb, i.e., it knows and assumes nothing about the data. A programmershould be able to do a better job because he knows which variables store what�this is in factthe case for very simple programs. However, garbage collectors not only eliminate storageallocation bugs, but also make programs run faster for anything as complex as even the simplestCAE systems. Some programmers will argue the point, but it is important to keep in mind thatcompilers were considered inefficient by many programmers for decades�despite evidence thatthey did a better job of register allocation and translation into machine language than humansonce a certain complexity was exceeded.No comprehensive civil engineering CAE system has a chance of working reliably and satisfy-ing regulatory and legal requirements if its programmers cannot take advantage of automaticstorage management. However, standard implementations of most older computer languagespreclude garbage collection. The simple fact of permitting pointers to be stored as ordinaryintegers prevents a garbage collector from knowing whether or not something is unused. (Ifthere is a variable somewhere with the value 10247, does that mean that the object stored atmemory location 10247 is not garbage, or that a loop just finished executing 10247 times?).Standard implementations of popular languages such as C, C++, and PASCAL all have thisshortcoming. Modifications to the runtime system and the way in which data is stored canallow older languages to be garbage-collected with certain limitations (see [Weiser 1989], [Yip1991], [Detlefs 1990]). Modern languages such as Lisp, Smalltalk, and MODULA-3 incorporateautomatic storage management as a standard feature.5.1.2.Object-Oriented ProgrammingA modern object-oriented programming system allows efficient organization of software byautomatically combining pieces of code from different locations. A description of all the objectsin a system may be factored into classes and any given object is an instance of a particular class.A typical object will be an instance of a class that inherits from many superclasses.

25aBulldozer.BULLDOZER.classes to be combined to form a single method of responding to a message. Sending a DRAWcomprehensive enough. Implementing these building blocks using a factored description in abottom. A few mouse motions and commands from Joe should be enough to describe the newwindow and a few hundred bytes of code should suffice to define a class in the window classreturned. An object-oriented programming system that supports dispatching on the classes ofINTERSECT.5.1.3.A procedure is a means of abstraction. Many parts of a CAE programs need to clear a windowsubparts, some of which will depend intimately upon the window system and/or computer beingSussman 1985] and such procedures vastly increase the expressive power of a computer language.structure is modified, only this one procedure need be updated.

5.1.4.No general-purpose computer language is adequate to solve the most complex problems. To ex-sion of concepts such as �septic tanks must be set back at least 50 meters from any propertyboundary.�¥ Lisp has uniform syntax: parentheses surrounded function names and arguments. Thissyntax can be used for any embedded language and the resulting language can be parsedLisp code can be used to analyze the embedded language.5.1.5.Arithmeticgram may produce different results when executed on computers with different word sizes or

numbers is performed by the same system that manages storage for functions and data structures.1987].5.1.6.Compactness n o v e l s . 5 have unintended effects. A programmer who doesn�t understand Proust might be at as a l o n program he is modifying usually generates bugs and concomitant user suffering. Much effort hasbeen devoted toward making programs harder to break and many computer languages, notably 5 compactness.5% of the code that is new. Such assumptions are sometimes wrong, but general-purpose pro-5.2.¥ metering toolsONTROLLER5.3. C O N T R O L L E R C O N T R O L L E R Symbolics processor. Finally, Common Lisp allowed me to express computation concisely andC O N T R O L L E R environments on modern computers (see [Greenblatt 1984; Walker 1987]). In addition toand programming tools.

6.S C ONTROLLER6.0.

S i t e D a t a b a s e

T r i a n g u l a t e d S u r f a c e M o d e l

Ä C

0

a n d C

1

i n t e r p o l a n t s

� p o i n t , e d g e , t r i a n g l e c l a s s e s

� r e a l a n d p r o s p e c t i v e s u r f a c e s

S i t e F e a t u r e s

� Q u a d t r e e f i l l e d w i t h f e a t u r e s

� G a s l i n e s , e t c . e x p l i c i t l y m o d e l l e d

M i s c . G e o m e t r y ( T r a d . C A D )

� l i n e s , s p l i n e s , a r c s

� s n a p p i n g t o s i g n i f i c a n t p t s .

� o n l y u s e d a s l a s t r e s o r t

P H I L G S u b s t r a t e

� 2 D g r a p h i c s

� U s e r i n t e r f a c e b u i l d e r

A n a l y s i s

� V o l u m e t r i c c o m p u t a t i o n

� H y d r o l o g y

� I n t e r v i s i b i l i t y

� Z o n i n g l a w c o m p l i a n c e

� T I N a n d g r i d m e t h o d s

V i s u a l i z a t i o n

� C o n t o u r m a p p i n g

� P e r s p e c t i v e l i n e d r a w i n g

� R e n d e r i n g i n t e r f a c e

C o m p u t a t i o n a l G e o m e t r y

� D e l a u n a y t r i a n g u l a t i o n

� C o n v e x h u l l

� I n c l u s i o n q u e r i e s

� T I N w a l k e r

L A N D H A C K E R C o r e S y s t e m

M i n e P l a n n i n g

� B o r i n g l o g d a t a

� 3 D s u b s u r f a c e m o d e l

� M i n i n g p l a n d e v e l o p m e n t

� E c o n o m i c A n a l y s i s

S i t e C o n t r o l l e r

� P a c k e t c o m m u n i c a t i o n

� V e h i c l e t r a c k i n g

� V e h i c l e c o n t r o l

A c t o r S i m u l a t i o n

� A c t o r c l a s s h i e r a r c h y

� S c e n a r i o s w i t h p r o t o t y p e s

� T e r r a i n i n t e r a c t i o n

� N e w s u r f a c e c r e a t i o n ( e . g . , b y

b u l l d o z e r s )

M I T L i s p M a c h i n e

� C o m m o n L i s p

� O b j e c t s y s t e m

� M u l t i p r o c e s s i n g

� W i n d o w S y s t e m

� T e x t E d i t o r

¥ PHILG substrate system, proving some simple graphics and user interface extensionssubsurface mineral seamsC O N T R O L L E R language, window, and multiprocessing systems were really useable. Many of my extensions�PHILG C O N T R O L L E R

6.1.PHILG H I L G H I L G user interface functions and window system extensions for graphics and plotting.6.1.1. C O N T R O L L E R can take input from a user sketching a curve or touching points on a graph.6.1.2.HILG(define-keyboard-command #\help :command-help "Display helpful formation�.lows novices to choose commands from a menu by rolling the mouse over various command namesc h o r d s of sync. Whenever one defines a command, one must supply documentation that the systemare three buttons on a Lisp Machine mouse and hence one needs four procedures, one for eachbutton plus one for �no buttons pressed.�)spared from so many messy details of the Lisp Machine window system: 1) understanding howto �grab� the mouse and ensure that all mouse action is reported to this window; 2) figuring outprocedures are thus much smaller and more portable across window systems.

6.2.L H ACKER6.2.1.This 2D and 3D geometry substrate includes simple vector manipulation procedures such as6.2.2.Civil engineering surface modelling can be broken up into two problems:Older surface modelling programs tend to use fixed regular rectangular grids to representmay be blurred.6.2.2.1.S C ONTROLLER

6.2.2.4.Triangles6.2.2.5.Edges x - y 6.2.3.Triangulation t r i a n g u l a t i o n 6.2.3.1.

small minimum angle is bad, corresponding as it does to a long, skinny triangle. Determining

. An

and

for

g l o b a l l y e q u i a n g u l a r

. The Voronoi polygon of

region of query points closer to

is to construct the perpendicu-

The resulting polygon is the Voronoi polygon of

points requires

time (see Figure 6.2). Considering the number ofrequired

6.2.3.2. C o n s t r a i n e d

time and

space using a plane sweepC O N T R O L L E R

time to do an

literature.6.2.4.Surfaces

interface don�t get out of sync.compute them unless the user asks for a smooth contour map or something else for which¥ a parameter specifying a tradeoff between execution speed and contour smoothness¥ a list of forced connections¥ the edges of the boundary polygon (useful for contour labelling)¥ the default contour approximation spacing to be used when the user sketches in contourapproximate the continuous contour)z t i o n . Fordebuggingpurposes,surfacesareabletoanimatesomeoftheircomputationsandareeven

6.3.project.6.3.1. C O N T R O L L E R 6.3.2.S C ONTROLLER I T E C O N T R O L L E R displays.in FORTRAN, PL/1, or C, sometimes requiring thousands of lines of code and more than one manlocation, a program can decompose a problem as it recurses, then incrementally construct the so-

x - y out from underneath our surface if our view point is above the surface.6.3.2.1. x - y p r o f i l e A B A B