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Abstract

Current research In constructlion automation Is focusling on
automating Indlividuatl procesées Instead of approaching the problem from
a hlerarchlical systems viewpolnt; thus many systems belng studlied treat
the construction site as a "hostlle" environment and Incorporate many
sensors to extract Information from the buliding. As a result, sensor
and slignal processing technology can be a Iimiting factor In the deslign
of machlines to automate bullding processes. However, If Integration and
automation of the constructlion process are apprdgched from a systems
view, then exlsting technology can be used to design economical machines
to automate many construction processes, and to coordinate and Integrate
thelr use within the construction environment. A new deslign methodol-
ogy, the Integrated cOnstructkon Automat ion Methodology (ICAM), Is
presented here to assist In achlévlng high levels of Integratlion and

automatlon4uslhg existing technology.
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1. Introduction

The U.S. constructlion Industry has had a net loss of productivity
of almost 3%X a year since 1972 [1]. To reverse this trend, the Industry
must automate. Automatlion Is no longer anhlssue of labor/management ac-
ceptance, It Is required for survival. As the manufacturing Industry
has learned, "Computers or programmable devices In the hands of a highly

motivated workforce appear to be the solution to many of our manufactur-

Ing challenges"1

A construction slite Is a complex system Involving many dis-
cilplines operating simultaneously; thus automating constructlion
processes and integrating them Into the overall process will require
Identlification and decomposition of system and subsystem tasks using a
hlerarchical control strategy Implemented through a local area network
at the site. This type of control strategy will allow real time
modification of processes and thelr completion sequence; thus making the
system adaptive to the often varying construction environment.

Although strategies for Integrating and automating the manufac-
turing process and the constructlon process are simllar (e.g.

hlierarchical control of computer controlled machlines), the constructlion

] R.J. Eaton, General Motors Vice President, Advanced Product &

Manufacturing Engineering at the first Manufacturing Automation Protocol

(MAP) demonstratlon, Natlonal Computer Conference, July 1984.
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process takes place where workers and machines must function In often
poor ly deflned, harsh operatlional environments. Thus to Increase the
chances of success, teamwork anqﬁpooperatlon among machlnes and
processes must be designed In and Integrated at the systems level.

To help coalesce the fragmented construction Industry, a method
of attalning these goals is belng developed by the author. The
Integrated Construction Automatlion Methodology (ICAM) will help automate
the constructlion process by Integrating bullding, machlne (robot), and
process deslign on a systems level. Inltlally It will be developed and
demonstrated for appllication to automatlion of large bullding
construction.

Thjf approach Is currently belng studlied by the author at MIT.
The following describe In greater detall the problem definition and the
methods belng developed to address the Issues Involved In Integrating

and automating construction processes.

2. Problem Definition

Although sophlisticated software tools are avallable for managing
constructlion projects, success of the project still relies on sub-
contractors and workers to carry out tasks and report the results. This
results In Islands of modernlzation that lack compatibility at the
management (computer software/hardware) level and the Implementation
(machine and process automatlion) level.

Currently there does not seem to be a coordinated effort betwéen :
bullding designers, contractors and machine desligners to automate the.
construction process on a systems level. As a result, a trend Is form-

Ing towards development of Independent automated machines which requlre
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sophlsticated sensor and Informatlion processing technology. Hence these
“machines willl-bs costly and difficult to Implement in practice because
of current technological limitations.

In order to overcome thls problem of fragmentation and expensive
automation, standard Interfaces for construction Integration between
computer software and hardware tools currently are being Iidentifled,
developed, and syntheslzed. This will allow computers to schedule,
coordinate, and control project tasks. Under computer control, statis-
tical quallty control data can be obtained, thereby allowing for
optimlzation of construction processes. In addition to computer
schedul ing of project tasks, computer controlled machlinery for automat-
Ing construction processes Is also belng developed by the author.

The construction Industry has conslidered Its working environment
too hostile to be economically automated (e.g. dirt and temperature ex-
tremes as well as Ill-defined processes). Indeed ad-hoc automation will
be expenslive and will thus have |Imited use. This paper will show that
It Is possible to bring the construction proces; under control If In-

tegration and automation are approached from a systems design level.

& b f

In manufacturing, the size of the machine dominates the process;
bullding construction processes, on the'other hand, are usdal}y much
larger than the machines. The key to construction automation, there-
fore, Is to use the bullding system Itself as a "machine conglomerate"
with machine elements as distinct degrees of freedom within the "machline

conglomerate"” (bullding). Thus the objectives of ICAM are:
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1) Develop a deslign methodology to Integrate bullding deslign
wlth machlne deslign for automation. Appllication of the
methodo{ggy should yleld a matrix of functlonal speclflca-
tions for machlnery and processes needed to automate a
particular construction project.

2) Develop baslis for a hlerarchlical control system for controi-.
ling an automated construction site. Speciflcaiiy, a generic
sensory Interactive control system and data base for use with

famllles of computer controlled machlnes.

2.2 Research Trends In Construction Automation

The term “constructlion automatlion" conjures up Images of androlds
running around with hammers and shovels. Similarly, with the advent of
computer controlled machinery, people envisloned mulilpurpose android
type robots producing all our goods and services. However, early
forecasts of widespread use of autonomous robots by the mid 1980°'s were
too optimistic [2]. A human’'s sensory system and Intelllgence are not
easily duplicated by machlnes. This experlience led to model ing and
design of well defined processes which could be executed by simple com-
puter control led machines [3,4].

In a iaboratory environment, mechanical desligns of robots are
capable of performing most manipuiating operations that'would be re-
qulred for automating many construction processes. However, current
designs are too complex for application In a hostlle constructlsn
environment. Furthermore, current sensor and Info;matlon processing
technology Is very limlted In Its abillty to adapt to varyling environ-

ments and locatlions. Thus It Is not recommended that an attempt be made
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to adapt general purpose robots for use In a constructlon environment.
Two papers [5,6] provide an excellent overview of research In construc-
tion automation, and they ‘affirm that Ehe Japanese are presently leaders
In this fleld.

The Japanese are leaders In constructlon robotlcs because they
have an aggressive research, development, and Implementation program.
They reallze the power of combining electronic and mechanical systems to
create "smart" speclal purpose machlnes (l.e. mechatronics). For ex-
ample, they have used thelr "balanced earth tunnellng method" to bulld a
tunnel! In San Franclisco using remote controlled machines. Schimlzu
Constructlon and Kobe Steel have developed a robot for applylng rock
wool flreproofing- Insulation to steel structures. The Japanese are also
good at developing large systems, such as entlire factories on a barge
which they can shlp to location (e.g. a pulp mill for use In the
Amazon).

The Japanese, however, do not seem to be focussing attention on a
long term goal of a coordinated systems approach to construction In-
tegration and automation, b;sed on hlerarchlical computer control of the
entlre constructlon process. They are In the process of developing a
number of construction robots for varled applicatlions (non-integrated)
Including [7]:

1) Robots for erecting steel structures,

2) Robots for welding at slite,

3) Robots for finishing concrete floors,

4) Robots for erecting and dismantling scaffolding,

5) Robots for cleaning onslte,

6) Robots for applying sealant to exterlor walls,
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7) Robots for painting,

8) Robots for decommisslioning,

9) Robots for applylng Insulation,

10) Robots for tunneling.

Reference has not been found with regard to application of a com-
puter controlled machine to help construct (assemble) a bullding In the
U.S.. The trend seems to be towards Increased use of prefabricated sec-
tions, many still made by hand offslte, that are assembled by hand
onslite. However, U.S. researchers lead Iin advanced robot design and ar-
tificlal Intelligence technologies and are applylng them, for example,
to moblle robots for operatlion In nuclear and undersea environments
[8,9]. Researchers at Carnegle Mellon Unlversity are working on robots
for cleaning up Three Mlle Island. Also researchers at Stanfcrd
University In cooperation with Unimation have added wheels to a six axls
robot to enable It to travel 40 ft. and stop within Inches of Its tar-
get, but accuracles on the order of 0.050" are needed for most bullding

constructlion processes.

The absence of technology required to fully emulate human con-
structlon workers will preclude full $cale automation of exlisting
construction processes on an Individual basis. However, If machlines for
automating constructlon processes are desligned In conjunction with the
bullding, then exlisting technology can be applied to provide a far
greater degree of automation than Is currently belleved to be possible.

This concluslon Is based on the following observations:
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1) Global position of a robot within a bullding Is not easlly
achleved using onboard sensors; however, poslition can be
quency emltting wires In a concrete floor.

2) The lack of avallable vision and tactile Information process-
Ing technology can be compensated for by keeping the bullding
slte clean and well ordered. Also, by design for robotlic as-
sembly, many processes can be automated wlithout the need for
elaborate vision systems.

3) The dexterlty of a human construction worker cannot be dupli-
cated by any machine, nor are desligns |lkely to be developed
In the near future. _

Mechanlical and electro-mechanical systems are principal limiting factors
In integrating and aufomatlng construction processes. Another limiting
factor Is the methods by which the mechanical systems are to be control-

led.

B . asietorsi ptit Gtana TRRG EloarE Suatins £or Controlling. Autosstad
Machinery

In the early 1960‘s, some researchers envisloned computers as
soon being able to act as'universal language translators. Thls goal was
never met because the rules of translatlon are not straightforward, they
often require creative thought. Simllarly, Artificlal Intellligence re-
searchers envisioned thinking computers which could be used to eontrol
disordered processes. Thls goal has not been met, because Intellligence
Is being able to come up with new concluslons from old facts, where

these concluslions are not based on IF THEN condlitlons. It would seem
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that the baslc physlcs of computers and computer languages (they are bl-
nary yes/no systems) wlill seem to |Imit them to appllications of problem
solving paradigms (Expert Systems) [10].

It Is true that expert systems wlll be a key to loosenling re-
quired restraints on a process and gliving machlines more freedom to
operate In less deflined environments, but artificlal Intelllgence to
declde what to do In a new type of sltuatlon will not be available for
many years [11]. Once expert systems are developed, If the machline
encounters unfamlllar difflcultles, the machine can supply data to a

remote operator who can assess and correct the situatlion.

3.1 _Hlerarchical Control Strategles for Controliling an Automated
n I t

The principle of hierarchical control Is based on a tree struc-
ture whereln each computational module has a single superlior and one or
more subordinate modules (or Interfaces to mechanlical systems). Goals
and plans are generated at the highest level which are decomposed at
each lower level Into subgoals. jThls continues untll work required to
complete the overall goal Is distributed to simple machines In the form
of simple tasks [12]. Information gathered during executlon of the task
Is reported to the control system for statistical quallty control
analysis. This type of control strategy Is needed to allow the system
to adapt to the often varying constructlion environment.

On a large research scale, a hlerarchical control strategy has
been Implemented In the‘Automated Manufacturing Research Faclllity at the
National Bureau of Standards [13]. In order to apply hlerarchical con-

trol strategles to control an automated constructlion site, many
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developments are needed such as: a central database, an understanding of
the processes (to the polnt where the processes c%ﬁibe automated), a
rugged Local Area Network (LAN), and computer controlled (or human
asslsted) machines.

For a famlily of machines ta complete a group of tasks, they will
have to share Informatlon. This Implles the development of a generlic
sensory Interactive control system for use with famlillies of computer
controlled machines. The structure of the controller would be hlerar-
chlcal and modular. For the machine to be able to react to changes In
Its environment In a reasonable amount of time the controller would
operate In real-time. Note that only the lowest level of the control-
ler, which Interfaces directly to each machine, would be machline
specific.

The machline control systems would have the capability of Inter-
faclng with a central controller. The central controller would be a
more elaborate structure of the baslc generlic controller. The machline
controllers would have the capabllity of accepting data from a data base
within the centrél controller. The data would be high level command In-
structlions which the controllers would decompose Into subtasks to be
perforhed by the varlous elements of th§ machlines such as sensors and
actuators.

A hlerarchical structure for the use of task decomposition Is

_7helpful In modularizing the complicated systems, In particular the
central controller. By making the system modular, one can add'or make
changes to the levels of the system easlly. Different machlines wlll be
performing Jobs which require different sensory and actuator systems to

Iinterface to the machline‘s control system. Each sensory and actuator
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system will requlre a separate module within the control level wlith
rhich-lt Interfaces.

Development of thls type of control system Is needed for ihé con-
trol of a famlly of sequentlially operating construction robots (or any
other machine famlly). |In addition to recelving Instructions from the
central controller, each member of the machine family would need to be
capable of feedlng back Information about Its completed process to the
data base. The Information would then be used by a following machine to
compensate for errors In a previous machlne's process. Thus, the feed-
back Informatlon would be used to facllitate machine learning to enhance

online quality control.

4. Development of the Intearated Construction Automation Methodology
LICAM)

The Integrated C_onstructlon Automation Methodology (ICAM) is a
systems deslign concept that Integrates design, functionallity, and con-
structabll ity using the principle of harmony to avold adverslity between
automated machines and the bullding, thus allowlng Integration of bulld-
Ing design with machlne design to automate construction.

"Harmony" between a machine and a process requires the machine to
execute the process In as simple a manner as possible, and wlithout
having the results generate conditions adverse to other machines whose
processes may bulld upon the first. In fact, sequential processes must
be able to rely on the quality of the flrst process so the next machline
and process can be simplified. "Adversity" between a machine and a
process Is requiring the machine to be able to process extra Information

In order to accomplish the Job. An example Is to require robots to have
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vislon to plck parts from a bin. It Is much simpler and more economlical
to present the parts to the robot In an ordered manner.

bullding system Itself as a "machline conglomerate" wlth machine elements
as distinct degrees of freedom within the "machlne conglomerate"
(bullding). Slince bulldings are carteslan systems, Instead of trying to
bulld a machine and guldance system to move In three dimenslons, one can
bulld the steel framework as a glant serles of machine axes with In-
tegral bar codes describing locatlion, functlion, etc. As a machlne
completes a task, It may leave a coded message that Is used to gulde
following machines, with all Information stored (and contlinually
updated)mjn a central database. This requires the bullding and
Integration/automation plan to be designed together as a system.

In order to develop thls type of systems approach, the problem
must be defined with respect to goals and technology. Thus the first
step towards Integration and automation of bullding construction Is to
Ildentify and classify types of deslgns, processes, and tools currently
used w]th respect to how théy can be automated and Integrated Into the
global process, namely:

?) What are the short‘and long term beneflts that will result
from varlous levels of automation of a process (machine design
and posslible modiflcatlion of the process) using exlisting
technology.

2) What are the long term benefits of developing new technﬁlogles
to automate a process, or develop an entirely new process tha{
can be automated, while meeting functional performance

speclflcatlons.
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3) Will the system lend Itself to partlal or total Integration
with the global constructlon process.

Also related Is the type of research (short, aedlum . and long- term) re-
quired to automate and integrate an Individual process, which can be
assessed based on the following:

A) Can the process be automated and Integrated In Its present
state using applicatlions of existing technology? (short term,’
1-5 years). In the short term, automatlon of specific
processes will be lIimited by present technology to those that
require a great deal of relative accuracy and take place
along well deflned contlinuous paths (no corners). Processes
which do not require accuracy but have dliscontlinuous paths
can also be automated.

B) Is the procesé fundamentally simple and efficlent, requirling
only skilled labor (and undeveloped technology to emulate the
skllled labor) to execute 1t? (medium term, 5-10 years).

C) |Is the process too complex to be automated and Integrated
using current technology or technology that Is likely to be-
come avallable In the near future? (long term, 10 + years).

Among- the processes Involved In design and construction of large

bulldings, the following are rated as to the time frame required to
automate and Integrate the process (s-short term, m-medium term, I|-long
term):

1) Functlional speclificatlions of bullding defined (s-1).

2) Bullding form and detalled plans deflned by

archlitectural/englneering firm:

a) bullding’'s slite (s-1)
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b) bullding’s structural deslign (s-1)

c) bullding’s exterlor (s-1)

d) bullding’s Interlior (s-1)

3) Prepare silte:

a) excavatlion and grading (1)

b) wutllity connectlons (water, sewer, electrical) (1)

c) road bullding (1)

4) Construction of the bullding:

a) foundatlion (1)

b) structural skeleton (m)

c) constructlon of the Interlor:

1)
2)
3)
4
5)
5)
6)

6)

1)
2)
3)

4)

Interlor wall framlng (s)
ductwork (m)

plumbing and electrical ([)
drywall (s)

tape drywall (m)

paint Interior (s-m)
floorﬁng (s-m)

elevators (1)

d) construction of the exterior:

facade (m-1)
windows (m)
palnting/weatherproofing (m)

roofing (m)

If executed individually, automating most of the above processes

will require accurate positioning capablilities, assessment of the en-

vironment, and emulation of skilled manual labor. Thus It would be very
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difflcult to automate many of these steps on an Individual basls. |If
designed and executed as a bullding system, however, the task of automa-

tlon becomes more tractable.

From thils point, ICAM will assist In the systems and machline
deslign phase. Specliflically, ICAM will help evaluate elements of a
design matrix of requlrements (functlonal specifications) to automate
and Integrate construction processes by executing the followling
functions:

1) Speclfy functlonal requirements for the bullding, and develop

conceptual designs of the bullding.

2) ldentify bullding constructlion processes.

3) Formulate machlne and process deslign matrix of functional
speclflcatlions for automaf‘ﬁg and Integrating processes (wish
list).

4) Formulate a list of technologles (existing and/or future) re-
quired to automate existing processes. Evaluate the degree of
Integration (total or partlial) that can be attained.

§) Assess avallable technology (and economics of Implementation
with respeqt to 4).

6)’Evaluate physical Information available from processes that
may also be used to gulde othqr processes (e.g. the poslition
of a structural beam).

7) Optimize machine and process design design matrix by matching

sources of Informatlion and processes which need simllar Infor-

mation In order to be executed. (l.e. match Information that
Is avallable or lacking).

8) Deslign, bulld and Integrate test systems.
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Steps 6 and 7 are critlical to adapting exlsting technology to the
problem of Integrating and automating constructlon processes. Once the
deslign matrix Is optimlized, a detalled executlon plan can be formulated

for the entire system because the matrix Identiflies Inputs, outputs and

technology requlired for machlnes to automate speclflic processes wlthin

the system.

5. Conclusions

ICAM will be a first step In developing an organized systems ap-
proach towards automating the often fragmented construction process.
Completion of thls research can have the following Impact In the con-
struction Industry:

1) It will help to organize and Integrate the bullding, process,
and machline design processes; thus helping to eliminate the
fragmentation that currcntly exlists. X

2) In the short term, large Increases In productlvity Iin some
processes wlll be reallized.

3) In the long term, ICAM will lead to development of an expert
system and machinery — as approprlate technology matures -

gl that will optimlize design and construction of entire bullding

» systems, with resultant dramatic Increases In productivity.
The methods developed will also be adopted for use In
automating other large scale operations.

Ultimately, adoption of ICAM will lead to an Integrated coéstruc—

tion site that will consist of workers, and compu}er control led machines

all coordinated by a central operatlons computer. Using a hlerarchlcal

control strategy, the computer will Instruct men and machlnes to perform
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tasks which may be decomposed Into sub-tasks until they are physically

completed. Progress will be continually reported back to the central
computer which will use thls Information to update scheduling of tasks.
In addition, It will allow the entire bullding process to be statlisti-

cally analyzed and optimlzed [14].

Furthermore, ICAM will provide a new systems englneering tool for _
developling automated and Integrated constructlion processes. Examples of
additional work needed are: Artifliclal Intelligence researchers to
develop expert systems to apply ICAM for use by the desligners of bull-

dings and machlines. As a result, sensors and Informatlon processing

researchers will have areas of criltical research ldentifled
(singularities In the design matrix which will requlire a human to
correct). Also, mechanical design researchers will have functlonal

specrflcatloﬁs deflned so they can concentrate on machline design and not
have to try and flgure out a process that Is foreign to them.

ICAM can enable the constructlon Industry to achleve gains In
productivity, quallity and safety. It will do this by laying the founda-
tilon for Computer Integrated Construction (CIC) systems that wl{l
control and automate the bullding and deslign process from conception
thru constructlion. Ultimately It will also help tle together all the

professlions Involved in the complex bullding process.



'CAD & ROBOTICS IN ARCHITECTURE & CONSTRUCTION 467

(11
(21
[3]
(4]

[51

(6]

[71]

[81
[91

[10]

[11]

F. Moavenzadeh, "Constructlion’'s High-Technology Revolution",
Jechnology Review, Vol. 88, No. 7 (Oct. 1985) pp 32-41.

M. Kassler, "Robots and MIning: The Implicatlons for Australlan
Industry In the 1980°'s", Robotica, Vol. 3 1985 pp 13-19.

J.F. Engleberger, "Robotics 1989", Robotics Today, Dec. 1984, pp
5§7-59.

R.R. Schrelber, "Robotlics Research: The Next Flve Years and
Beyond", Robotics Today, Dec. 1984, pp 54-55.

B.C. Boyd, “"Automation and Robotics for Construction", Jou, of
Constructlion Engineering and Management, Sept. 1985, Vol. 111, No.
3, pp 190-207.

A, Warszawskl, D. Sangrey, "Robotlics In Bulldlng Construction",
Jou. of Construction Engingering and Management, Sept. 1985, Vol.
111, No. 3, pp 260-280.

E. Suzukl, “The View From Japan of Future Bullding Programs",
Advisory Board on_the Bullt Envlironment 1983-1984, Natlonal

Research Counclil, pp 13-27

“R.R. Schrelber, "The U.S. Robot Industry", Robotics Today, Oct.

1985, pp 35-42.

R.R. Schrelber, “Robotics Unlimited: heachlng Beyond the Factory",
Robotics Today, Dec. 1984, pp 43-47.

P.H. Winston, Artificlal Intellligence, Addison Wesley Publ. H984.

P.T. Rayson, "A Review of Expert Systems Principles and Thelr Role
In Manufacturing Systems", Robotica, Vol. 3 Part 4, Oct-Dec 1985,

pp 279-287.



1"

468 CAO & ROBOTIQUE EN ARCHITECTURE ET BTP
[12] J.S. Albus et-al, "Hlerarchlical Control for Robots In an Automated
i Factory", 13th ISIR/ Robots Symposium, Chicago I11. April 1983.

[13] J.A. Simpson et-al, “The Automated Manufacturing Research Faclllity
at the Natlonal Bureau of Standards", Jgu4_Manu1$gluL1ng_§x§LQm§.
1982 Vol. 1, No. 1, pp 17-31.

[14] Report from The 1984 Workshon on Advanced Technology for Bullding
Peslgn and Englneering, Bldg.tRes. Board, Nat. Res. Councll!.

Alexander H. Slocum, Ph.D.
Asslistant Professor of Civil Englineering
Massachusetts Instltute of Technology

Cambr ldge Massachusetts, USA

3
jj




	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20

