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INTRODUCTION

The Systems Research Center (SRC) at the Umversity of Maryland and Harvard University i< a
new and unique forum of fundivmental systems engieering rescarch and education

Established by a National Science Foundation grant in 1985, SRC is developing innovative
advances in design methods and software systeins whitch address the basic productivity and competitive
challenges facing American industry AL the same time, the Center Is training a new generation of sy --
tems engineers in an environment that s designed to bhoth eapand intellectual frontiers and achicve
fmportant research objectives

The impetus behind SRC's activities is a close and mutually supportive collaboration with indus-
try and government. Its programs are designed with a twofold purpose: To make the best possible use
of the expertise and interests of an interdisciplinary team of faculty members and avaitable private and
government rescarch personncel and facilitics; and to meet objectives consistent with the competitive
needs of business and industry.

The Center's research theme Is to promote basic study in the apphcations and fmplications of
advanced computer technology--Very Large Scale Integration (VLSI), Computer-Aided Engineering
(CAE) and Artificial Intelligence (Al-- in the engineering design of high performance, complex
automatic control and communication systems. s research activities are built around five inter-related
focus application areas: chemical process control; expert systems and parallel arctiutectures: manufact-
ing systems; communications systems and signal processing: and intelligent servomechanisims

Traditional industrics as well as high tech industries depend ina critical way on automation and
information processing systems. As the complexity and demand for these systems has increased dramat-
ically in the past decade, it has become obvious that the modeling and design methodologies of the past
are no longer adequate. Nore emphasis is needed on the modeling and empirical/experimental com-
ponents of systems science and engineering. In addition, sophisticated system level design tools are
necessary in order to integrate the sophisticated analytical and computational techuiques of control and
communication engineering with computer hardware and software advauces. These system level design
tools will increase the productivity and cfliciency of engineers, and will facilitate teamwork. The
Center’s prograins represent a premier example where advanced computer technology is used as an
"amplifier” of human enginecring skills and ingenuity.

Educationally, SRC’s goals are to support and enhance educational programs and to serve as a
source of new courses and material, In doing so, the Center is seeking to change the traditional focus of
engineering education, placing a new emphasis on both education and training. In cooperation with
Ilarvard University’'s Division of Applicd Sciences, the Center's broad, interdisciplinary programs cut
across the boundaries of a great many engineering and computer science disciplines, and are designed
for interactive participation by America’s foremost coporations. The ultimmate goals are: to gain new
knowledge; to train the engincers who can apply it to a diverse set of complex, real-world problems,
and to specd the transfer of research results into the industrial community.

To enhance the intceraction between the academic, industrial and government research comiuni-
ties, an innovative and broad industrial collaboration program has been established. It includes joint
research projects, industrial visitors to the University, faculty and student visitors to industry, joint use
of laboratories, fellowshlp programs with industry, intensive short courses and workshops, colioquia,
seminars, software library and a unique software rescarch “club™.

Let us first bricfly recall the goals we sct for SKRC upon its creation:

[ Integrated design of complex automation and information processing systems. To create a
computer-aided design environment where a complete integration can be achieved from concep-
tual development, to techsiology selection, hardware fmplementation, testing and validation.

L} Emphasize modeling, empinical and expertmental issues It Is exactly this component of systens
science and engineering that we felt was neglected over the Jast fifteen years or so. In particular
we aimed at emphasizing modeling of the new hardware systems us+d for impletmenting the con-
trol or information processing algorithins,

L] Develop design theories and tools that incorporate advances in computer technology (hardware
and software) This was based on the realization that control and comnniication system desigh
methodologies were not i synchrony with the currently available or planned imptementation
media.

L] Provide "real” engincering tests for design. We wanted to increase the awareness of both faculty
and students about the difhculties inhierent in executing and vahdating i design.
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[ J I'rovide engineers with system level design tools to increase design productivity, quality and
cllictency  ‘Fhese tools should include the bheuristic /empirical component of the design process as
well as the analytical/numencal sophistication of the new theories

THE RESEARCH PROGRAM

As described in further detial in [1-3] the research program of the Systems Research Center has
bheen evolving around Hve focus application areas. Durning the first year serious efforts were undertaken
in all areas to introduce computer mded engineening, experimental and empirical design issues and to
cross the traditional boundaries between the multitude of disciplines represented at SRC  In addition
we put particular emphasis in the involvement of undergraduate students In design projects as early as
possible In their carcers As emphasized elsewhere [1], in some sense, the subject of fundamental studies
carricd at SIRC is systems science and engineering itself and not its particular application or manifesti-
cation in a narrow application area. This in {tself justifles the emphasis we have placed on system level
design tools for automation and information processing systems.

Our findings throughout the year not only reinforced some of our beliefs and expectations in the
value of our approach to systems engineering, but rewarded us with the discovery of some unsuspected
connections between totally unrelated engineering problems. Several key ideas and concepts have
already emerged: a pervasive utility of optimization based design in a great variety of engineering sys-
tems; the value of Al in the development of systems that can reason and ald in the design process; the
superior efficiency and ability of symbolic algebra as an engineer’'s aid in ecomplex calculations and
modeling; the critical importance of representation and manipulation of engineering databases; the
mandatory utilization of Al techniques to haadle heuristics in the design process and to enhance and
facilitate team work:; the mandatory utilization of interactive graphics as the interface mechanism
between the systems cngineer and the computer; the critical importance of understanding VLSI sys-
tems, their architectures and limitations.

It is impossible in the limited space and time available to describe the multitude of exciting pro-
jeets currently undertaken by SRC faculty and students. Instead I will present an averview of the
research program and 1 will lnghhight certain sample projects to ilustrate the nature of our work and
our findings. The sclection of the projects discussed in some detail, reflects, to a certain degree, my
finite memory and capacity to represent the details of many excelient projects underway, but also
reflects iy perception of projects where intellectual integration across disciplines has occured at the
greatest degree.

First the focus areas and the the thrusts within each area are:

(1) Intelligent servomechanisms. Major thrusts are the design of robust control systems with
many sensors and many feedback loops and in particular advanced robotic manipulators and
flight controllers for advanced aircraft and spacecralt.

(2) Chemical process systems. Major thrusts are modeling and control of industrial processes and
integration of reliability and safety in the computer aided design process.

(3) Manufacturing systems. Major thrusts are the integration of CAD with MRP, scheduling and
resource allocation problems jn flexible manufacturing systems and applications of Al in manufac-
turing.

(1) Communication and signal processing systems MNajor thrusts are the modeling. design and
control of computer and communication networks, timage processing and specch processing and
recognition.

(5) Expert systems and parallel architectures. Major thrusts are VLSI systems design and archi-
tectures for conttol and commuication systems, expert systems for control and signal processing,
reliability integration in computer aided design.

I'rom the beginning we have placed emphases in designing and developing our research labora-
torics 0 as Lo ereate a sophisticated environment for integrated design. The constiluent laboratories of
SRC is a key concept in our development of SRC. ‘Fhese sophisticated laboratories form the natural
home for interdisciptinary groups of faculty and student researchers Ina sense the whole research and
educational program of SRC evolves around these constituent aboratories. 1 would like to describe
bricfly the components of this environment. We have developed the notion of a system engineer's
workstation which is really a design super-workstation combining an Al machine with a graphics engine
and 2 multiprocessor “number cruncher™. This super-workstation is part of a network of similar and
other warkstations and computers, so that the engineer can really have the capabitity to run con-
currently several modules of his design software system on dilferent machines. The Al workstation pro-
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vides the direct interface with the user, the (often symbolic) problem description and modeling. ‘Uhe
multiprocessor "number cruncher™ provides the necessary computing power for alinost real time execn-
tion. Finally the graphics engine provides real time graphics for simulation, testing, validation and
feedback to the designer.

We have also emphasized the integration of symbolic and numenical computation. We are con-
vinced that symbolic languages such as LIS, PROLOG. MACSYMA offer a superior medium for
design problem defimtion, conceptualization and anplementation. They are also superior for modeling
engineering systems. An additional advantage ollered by these languages is their superiority as universal
communication tools between engineers and scientist froin diverse disciplines and backgrounds.

We have introduced and implemented sophisticated simulation tools. These include analytical,
software and hardware tools. For example we plan to use critical sampling theory for fast Monte Carlo
simulation in computer/communication networks and manufacturing systems. The mathematics justify-
ing such techniques, whiclt reduce simulation times by several orders of magnitude, are quite sophisti-
cated. We also plan to usce LIS based, and object oriented programming for high level simulation of
chemical plants, flexible manufacturing plants and communication networks. All labs will be linked to
real data experiments for testing and validation of proposed designs. We plan to rely heavily on Al and
expert systems to handie the “routine” and heuristic part of the design automation, and on graphics for
the man-machine interface. Examples of the environment we are creating will be given in the descrip-
tion of sclected research projects below.

In the area of intelligent servomechanisims we had the following projects: bifurcation conirol
and multiparameter singular perturbation (with applications to flight control} (Profs. Abed, Krish-
naprasad and Tits), compler analytical methods for design of controllers and stgnal processing schemes
(Prof. Berenstein and Baras), hund-cye machine (I’rofs. Brockett, Maragos and Wohn), nonlinear control
and robotic manipulalors (Profs. Krishnaprasad, Berenstein, Tits and Abed), optinuzation-based CAD
(Profs. Tits, Krishnaprasad, Baras and Levine).

1 would like o provide some details about the project on nonlinear control and robotic manipula-
tors under the direction of Prof. Krishnaprasad. Research in this project ranges from specialized
hardware design and construction to very sophisticated theories of nonlinear dynamics of multi-body
systems. Progress has been achieved in several directions. Professor Ikrishnaprasad in collaborative
work with Professor J. E. Narsden (University of Californla, Berkeley) and Professor Juan Simo (Stan-
ford University ) worked out the Hamiltonian structure of systems of rigid bodies with flexible attach-
ments that obey finile strain elastic models and are geometrically exact. These results should have
significant impact on the control theory of multibody spacecraft and in the modeling and control of
flexible robotic manipulators. They have also been able to establish the Poisson structures underlying a
wide variety of problems in interconnected rigid body systems and use these in obtaming stability cri-
teria for interesting equilibria. Certain examples have been simulated and displayed graphically on our
IRIS workstation o reveal for the first time the beautiful topological structures of the phase portraits.
Our results here should prove uscful in the study of control problems for articulated spacecraft and
robotic manipulators operating on space platforms (e.g the Space Station MRMS ).

On the software side, DYNAMAN has been further developed to include symbolic jacobian calcu-
lations. DYNAMAN is a symbolic algebra system, developed at SRC and written in MACSYNMA, which
automatically generates the dynamical cquations of multi-body systems in symbolic form. Further
refinements will be implemented and tested using the SRC Lisp Machines.

On the experimental side, Mr. Haven Frank, an M.S. student, has been actively involved in a pro-
ject to implement a controller for a single link flexible arm. The arm was built at the Westlnghouse
model shop to our specifications. Preliminary controller designs using DELIGIHT MaryLin are being
translated for lmplementation and testing on an IBN PC/AT with an on-board data acquisition and
control system. In this experiment we are learning how to use accelerometers for real time closed loop
control with minimal overshoot of the link tip based on hub position and rate sensing. We are in the
process of beginning new experiments on the use of piezoelectric materials for sensing and actuation.
These investigations will expand towards the study of accelcrometer arrays and the development of
neural net type algorithms for sensor data processing and control.

DELIGHT MaryLin is an interactive system for optimization-based design of linear control sys-
tems. It was developed (and is still under further development) at the University of Maryland, College
Park under the direction of Prof. Tits. It is an offshoot of the DELIGHT general purpose interactive
system, originally developed at the University of California, Berkeley. [t makes extensive use of
DELIGHT's optimization facilitics, developed jointly at Berkeley and College Park. 1t also makes use
of linear systems analysis routines developed by various groups.

With the DELIGIH' T AaryLin tool, a control system designer can take advantage of recent power-
ful optimizatlon algorithms from the DELIGIVE algorithmic library to automatically adjust design
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parameters  of  the contiol  system being designed. One of  the most striking  features  of
DELIGIFEN Ly is its extieme fexibihity  Using a recently proposed (by its and Nyce) application-
otiented design anethodology, the designer may optimmze arbitrary  performance criteria as well as
interactively explore the tradeolls hetween multipte competing objectives, while simultancously keeping
several constraint specifleations met Success has been achieved on design problems pertaining to vari-
ous application areas, cluding the design of a flight contioller for high performance aircraft (in a jolint
project between SRC faculty Levine and Tits and Grumman Aerospace engineers) and the design of an
airhorne electio-optical device

A group of ten students was involved in a design project under the sponsorship of NASA Head-
quarters, NASA Goddard Space Phght Center and the Systems Research Center. The project is under
the supervision of Professor P S, Krlshnaprasad and is one of eighteen projects under way in universi-
ties across the nation as a part of the NASA -Tunded pilot prograimn in advanced space systeims design.
A primary goal of this NASA program s to encourage and strengthen design related activities in
Uhhiversity curricula at the undergraduate and graduate levels. ‘The goal of the project at the Univer-
sity of Maryland is to design a Mobile Remote Manipulutor System (MRMS) for the Space Station. Stu-
dents participating in this project receive acadenic credit,

Ilased on guidelines obtained from the Space Station Reference Conflguration Description and
other pubhished material on operational requirements, the Maryland team has developed a preliminary
design for the NRNS. The proposcd MRMS is planned to have a reach of approximately 33 meters and
is intented for a variety of tasks ranging from assembly of the Space Station itself to transferring pay-
loads from the Space Shuttle (o the Station, assisting in the servicing of disabled satellites, and even
the docking of the Shuttle! The kinematic design specifies an eight degrees of freedom arm (including a
three degrees of freedom wrist) which travels along the dual keels of the space station. The preliminary
sizing of the actuators and the links has been completed. Using a scheme of cnslauing certain degrees of
freedom Lo resolve the redundancy. Kinematic programs for obstacle avoidance are being written and
debugged. The control laws for the joint servos are designed from rational engineering speciflcations
using software ( DYNAMAN and DELIGHT MaryLin ) developed at the SRC.

Any design activity of this nature should have a test-bed for trying out various ideas ( e.g. control
schemes, Kinematic prograns). ‘T'o this end, the SRC teamm has developed a 3-D graphical simulation of
the NRNIS on a Silicon Graphics Inc. workstation. Soon this workstation will also display a reference
configuration Space Station with the NMRMS attached to it. The requisite database for this purpose has
been supplicd by NASA Goddard Space IFlight Center. We expect to continue the project in the next
academic year possibly including some scale model fabrication of the MRNMIS. Participation in the
MNIINIS design project has provided the students an excellent opportunity to become aware of the inter-
disciplinary nature of design activity in general. They have also had an opportunity to explore an excit-
ing world of high technology represented by the NASA MNlission in Space Station Automation and
Robotics.

‘Throughout the year strong collaboration with Harvard continued in the area of robotic manipu-
lator design. In the project directed by IProf. Brockett the 9 degree of freedom hand is now operating
under closed loop position control and 3 degree of freedom force control as well. It Is currently being
used in the Automatix AIDG00 robot and software is being written which will make the hand program-
ming casier. Victor Ing's thesis work involves the incorporation of modes into a hand programming
language. It is our belief that the control of multi-degree of freedom systemns will be greatly facilitated
by the identification of coordination patterns, or modes, which, while not completely general, allow one
to execute frequently occurring motions in a sinple way. ‘The situation is analogous to the use of
glyphs in graphics, in fact one can think of modes as "motion glyphs”. A closcly related idea involves
the coordination of sensory information. llere sensory glyphs are identified with those combinations of
sensory output data which occur frequently so as to make it possible to easily sct up feedback control
loops for regulators.  ‘Fhis feature is also being incorporated into the hand control programming
environment under development.

The Harvard team is also designing a high resolution magnetic tactile sensor which Is currently
envisioned as an array of 61 by 61 magunetic sensors integrated in a CMOS integrated circuit, on a chip
whose size is roughly .8 by .9 em. The individual sensors have dimensions of roughly 90 microns on a
side. I2ach sensing element is a split dramn MOSFET that is biased so that current flows through the
transistor.  In the absence of A magnetic fleld the currents flowing through the two drains of the MOS-
FLIST are equal. However, when there is a magnetic field, with a non zero component perpeadicular to
the plane of the sensor. the clectrons flowing in the transistor are deflected, due to the Lorentz force.
‘This detlection results in an imbalance in the current flowing through the two drains of the MOSFET.
This cwrrent ditferential is converted to a voltage and amplified by a current mirror. The combination
of the split drain MOSELET and the current mivror is equivalent to the input stage of an operational
amphficr  The sensor chip contains circuity for enabling (altowing current to flow through) a given row
of sensors and for wmultiplexing the output voltage by columns, so that the measurements of the indivi-
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duat sensors can be seriatly output in a taoter scan Lshion

The magnetic sensor array integrated citemt will be mounted in the compliant Unger developed at
the Harvard aobotics laboratory  Flas finger consists of a taid filled membrane fixed to a viged sub-
strate. “Thie inside of the membrane will be coated with a maguetized material, and the sensor array
will be mounted on the substrate. When the wmembrane is deformed, the magnetic tickd pattern at the
sensor plane will be altered I prinaple, knowing the feld pattearn at the sensor phane will allow one
to estimate the deformation of the membrane, which will then allow us (o obliun sothe information as
to the spatiad pattern of the forces apphed to the membiane  The current status of the tactle sensor s
as follows. The 64 by 6§ magnetic scnsor areay has been destgned and Iad out using the CARSAR lay-
out utility running on the Data General DS 1200 workstations,  Critical parts of the clrcuit have been
simulated using SPICLE, but the natuie of the physies involved in the magnetic sensing process are such
that an accurate estimation of the sensitivity of the sensors to changes in the magnetic field can not be
obtained. ‘This will have to wait for experuncnts on the actual civeuit,

A distributed tactite sensor §s abso being developed at the Naval Research Laboratory in support
of the distributed sensor work at SRC (FProf Shamma). Tos is an all sdicon design based on a clever
application of plezoresistive and piczoclectine phenomena in conjunction with an amplifier/multiplexer
chip for local processing so as to recover estimites of the three compononents of the applied foece fietd.
The sensor can also detect shping between the mampulator gripper surface and the object. Strips of the
material can be attached to the fingers of a manipulator hand and signal processing will be perforimed
by neural type processor chips

In the arca of chemical process systems we had the following projects. automalion of dynamic
process sumulalion (Prof. Cadman), moddcling, samulation and control of chemical reactors (Prof. Choi),
application of expert systems to distlation column control (I’rof. McAvoy) and knowledge based erpert
systems for chemical plant operations (1ol NModawres).

In (he area of manufacturing systems we liad the projecis: flerible manufucturing cell (Profs.
Anand, Kirk and Nau), computer integrated manufacturing (Profs Harlialakis and Nink), discrete-cvent
dynamical systems and manufucturing automation (Profs o, Nakowski and Baras), manufucluring of
thermoplastics (Profs. Azarm, Chol, Hawmmar, Mecllenburg, Pandelidis, Pecht, Smith), printed wiring
board design and manufacturing (Profs. I'echt, Palimer).

I would like to provide biief desctiptions of several well integrated projects in this area. In a pro-
Ject directed by Professor Nau new methodologies are developed for knawledge representlalion and rea-
soning for process planning. ‘The interdisciphmary team also includes Professors Anand. Kk and
Harhalakis. This research is based on a new frame-based approach to knowledge representation called
hierarchical knowledge clustering. In most frame-based reasoning systems, the data manipulated by
the system Is represented using frames, but the problem solving knowledge used to manipulate this
data is represented as production rules  However, tlus is not always the best appioach. Production
rules are not always a natural way to represent knowledge--and in addition, rule-based systems contain-
ing large knowledge bases may require excessive computation in order to determine which rules are
applicable. Ilierarchical knowledge clusteting provides ways to address these problems, yielding both a
more natural way to represent knowledge and tmproved computational efliciency.

A prototype systemn using hierarchical knowledge clustering was implemented tm Prolog, in a sys-
tem called SIPP. An improved version is being implemented in Lisp, in a system called SIPS (Semi-
Intelligent Process Selector)  SIPS is being adapted for use in process planmng in the Automated
Manufacturing Research Facility (ANMRI) project at the US  National Bureau of Standards. Purther
research in this arca will involve extending the approach used in SI’S to develop a practical Al-based
process planning tool. Ideally, this ool will be capable of producing process plans for complex objects
completely from scratch, using only the specification of the part to be produced and knowledge about
the intrinsic capabilities of cacl tanufacturng operation. ‘The planned research requires the develop-
nment of ways to integrate solid modehing techuiques with Al reasoning and problem solving techniques
(e.g.. ways to extract meaningful features ftom solid models), and development of more sophisticated
ways to rcason about the properties of three-dimensional objects, and work is underway on i new
approach to solid modeling.

The advent of computers 1n almost every manufacturing corporation, together with the plethora
of relevant software packages aiming at aincieased efliciency and profitability have produced an uncon-
trolliable  situation.  Attamnable  bencfits  evaporate  die 1o the  anprecedented  mduplication of
input/maintenance and outpat and the amount of money and manpower expensed to fmplement and
keep all these systems under soe 01t of coordination.

In recoguition of this problem we have started up an integration project headed by PProfessors
Harhalakis and Mark, which will eventuadly lead to minimization of data transfer and of the bhurden to
run such a variety of "data-velucles™ and datia processors A core system, Manulactuing Resoutces
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Plannmg (MRRP 1), s suggested o host Computer Arded Design (CAD) as o st step towards integra-
tion MR s by detmition addiesang gl facets of mdustind husiness, from manketing planting
thhough engecung to manufactare, Hual dnspection and slitpment CAD bs mieant 1o assist the front
cud ol the product-hife cyde and o focus on engineering, design and drafung-1elated activities

‘The integration will be founded on a data base level, Sample features of the proposed integration
inchude:

- Automatic part master record generation and single level product structuies on cotmnpletion of a
new CAD drawing

- Engincering Change control via checks performed at inventory and order levels and through
status messages transmitted to NMREP I and CAD screens

- Ability o retrieve and enquire upon prctorial and textual information on parts and assemblies at
every level of the organization

The basic problem in homogencous database integration is the required initial design of the global
schema which is the umon-without redundancy and internal conflicts - of the schemata of the
databases to be integrated. We propose the interoperability approach to database integration based on
the philosophy that conflicts and redundancy must be accepted. but controllecd We define the global
schema as the concatenation of the existing schemata and we add a set of updated dependencies to con-
trol the redundancy and conflicts between them Update dependencies monitor operations changing a
databasce and propagate the changes to other databases by reinote operation calls

It is estimated that a large number of companies already using or planning to use MRP 1l and
CAD will beneflt substantially from such an integrated set which ensures a smooth and effective flow of
information. Future plans include the establishment of more links between MRP 1T and Computer-
Aided Nanufacture (CAMN), Computer-Aided Testing (CA'T') and others, all of them aiming at bullding
ultimatcely one-single Computer Integarted Production (CIP?) system

As an extension of this project, and in recognition of the critical significance of engineering data-
bases in engineering design we have imtiated a new major project on enginecring informalion systems,
under the direction of Professor Roussopoulos. In response to SRC projects the database group of the
Computer Science Department was increased by two new faculty members. All computer alded design,
engineering activities will be supported by Engincering Information Systems which are based on these
technologies: database management, Al and distributed processing systems. The environment of an EIS
is naturally distributed. Therefore, all the concurrency and consistency control of distributed databases
is present. Furthermore, an LIS has additional distribution requitements that are distributed by the
presence of tools interacting with it. The basic rescarch undertaken here is for the development of an
Object Oriented Database Managenment System to support Els  MNore specifically @ (a) an Object
Oricuted Data NModel is being developed for defining engineering objects, (b) the database protocols
needed for concurrent access and update of multiple version objects, and (¢) access methods and update
protocols of distributed IS architectures will be developed.

A well integrated, interdisciplinary effort is being undertaken under the direction of Prof. Pecht
for the development of a Reliabdity and Maintenability Computer Atded Design (RAMCAD] worksta-
ton Litton Amecom industries will be an integral part of the project with funding pending from the
ALY The construction of the workstation will be performed by Litton. This research effort atins at the
integration of reliability and maintainability of electronic circuits in the computer aided design process.

This project involves the development of a second level electronic packaging design process con-
sisting of tools and procedures with rehability design capabilities. The goal is to veduce the lag time of
the design process. Presently, schiedule constraints often compromise the effectiveness and efliciency of
the design process. For example, reliability analysis is generally conducted late in the design process,
often when it is too late to make signiticant (or the most appropriate) design changes. The goal of this
cffort is to make REM an integral, re-design a completed design because reliabihity engineering
represents the last phase of analysis in a project,

The concept behind this effort is an innovative sharing of resources within a RANCAD worksta-
tion.  This is accomplished by estabhishing two modes of operation, a foreground mode and a baeck-
ground mode, which operate in parallel and which shave data  In foreground mode, the design engineer
uses data capture tools and design rales to flim-up (but not necessarily Jock-in) a design. At the same
time, the loreground acts as an advisor which looks over the shoulder of the engineer and may provide
desigtt recommendations. ‘The foreground process runs In an online, highly interactive mode. It will
present analyais and design violation resuits fn graphical and/or tabular form from the background
mode. ‘The background mode operates in parallel with the foreground mode, taking design information
from the foreground as fnput. The background mode consists of the analysis routines and the tools
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required for parameter selection and prediction, trade-otf stidies

lIn the area of eommmunication and signal processing systems we had (he projects: pecfor-
mance evaluation and design of queucing nctworks (Profs. Nakowshr, [aras, Ephremides and Tripathi),
multi-user channels with wicertan stutistics (Prof - Nivayan), link performance v the presence of co-
user mlerference (Profs. Geramots, Lphiemides and Naravan), mobide rudio welworks (I"tofs Ephrem-
ides and Geraniotis, design and analyss of data compression schemes for tmaye and speccl siynals
(Profs. Farvardin and Shanuna), specelt analysis and tecogilion (Profs, Shaomma, Mecherar and l"n;\':n'—
din), mathematical methods for spectrum estonation (1'iof Benedetto),

In the area of expert systems and parallel architectures we had the projects integrated CAD
of real-time nongausstan signal processors (I'of. Baras), an erpert syslem for stochastic nonlinear con-
trol and filtering (Prof Blankenship), VLS systems (Profs. Ja'Ja’ and Nakajima).

P’rofessor Blankenship in collaboration with J.1'. Quadrat from INRRIA has been developing an
expert systein based on sy mbolic manmpulation programs for the analysis of stochastic control and non-
linear filtering problems. ‘This software system brings 1o the practicing engieer, in directly uscable
form, such sophisticated technigues as Bellman's dynamic programming. Professor Nakajima lias been
investigating several problems i VLS] Livout and sihicon compitation. The ultimate goal is to develop
a hierarchical layout design system for VST circuits. Recently the development of eflicient algorithms
for the topological aspect of the circuit Inyout problem on i single layer was completed. Rescarch ou
the muilti-tayer layout problem bas been initiated  In particular, we have devetoped an officient chanunel
routing algorithin for three layers. Experimental results show that this algorithim produces, in most
cases, a channel routing pattern which requires a smaller number of horizontal track~ than previous
algorithms. In the area of via minimization, a polynomial tme algorithin has been developed for test-
ing whether all nets of two or three terminals can be connected without using any via. Additional work
is focusing on the development of a silicon compiler.

Professor Ja'Ja' has been investigating problems related to the complexity, arcliitecture, design
and fabrication of VLSI chips with applications to signal procesiing problems. The automated genera-
tion of optimized circuit layouts from a high level description is currently considered to be one of the
most challenging problems in VLSI rescarch. The ultimate goal is to relieve the user from all low level
details and to allow him to describe his design in a very high level language. The resulting layouts
shiould be regular, compact, fast and rehiable Recent research efforts have concentrated on a few less
ambitious general methods such as gate arrays, standard cells and fixed floor plan. While these tools
have been used sucessfully in the past few years, they all suffer from the fact that intermediate manuat
intervention is required in duTerent phases of the design process and that they will generate highly
nonoptimal designs even for some simple and natural tasks. We have been studying several fundamen-
tal problems that have to be resolved before such optimized tools exist. These problems tnclude map-
ping logical functions into optimal layouts, placement and routing for special structured environments
and mapping structures represented by graphs into optimized layouts. Significant progress has been
made in all of these problems, some of which will be outlined next. A new approach for laying out logi-
cal functions has been developed using partially symmetric functions. A new software systemn called
SYMBL (SYMmetric Boolean Layout) has been written to implement our approach. SYNMBL is based on
a strategy that first partitions the set of input variables into equivalence classes such that the given
functions are symmetric with respect to each cquivalence class. It turns out that this step can be imple-
mented quite efliciently. The second main step is to determine a near-optimal “cover”, i.e. a sct of
appropriate subfunctions whose logical sum produces the function. We use a decomposition tree whose
leaves are symmetric functions of the partitioned variables and the partitions are combined as we go up
the tree. Finally, the last phase consists of placetment and routing routines that optimize the layouwt
structure. The user can introduce his design i a high level language which is then converted into a
truth table. The truth table is handled Ly SYNIL which produces the final layout without any inter-
vention from the user.

We are also exploring the possibility of mapping functions into a general array type called Wein-
berger arrays. There are two basic problemns that have o be tackied in this approach. The first consists
of manipulating the given functions into an optimized form. ‘The sccond has to place and route the
Weinberger cells corresponding to the logical form obtained. This second problem can be formulated as
a purcly graph theoretic problem for which combinatorial tools are very uscful. We have developed a
set of good heuristic algorithms that work well for almost all cases. Our next step will be to implement
these tools and try them on real world cases

Several architectures have been proposed in the literature for handling basic signal processing
computations. These architectures are Inghly regular and allow a good degree of concutient processing.
However most of the implemcntations have considered the standard algotittons and mapped them into
these architectures. We have introduced fully pipelined structures that are based on a novel strategy
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cobspsting of decomposing i computation into a set of subcompnitations that can be executed in paral-
el A problem of size 1 will be roughly decomposed into v'n subpioblems each of size roughly v
such that all these subproblems can bhe solved an patallel on o fully popelined bit-serial systolie architec-
tures ‘Fhe class of problems for which sueh decomposictons exist include filtering, convolution and com-
puting the Discrete Fourier Treansforin We have shown that these structures can be implemented quite
cllicicntly wath compact hardware. As a matter of fact, we hinve designed a 25-MHz chiip for computing
the 210-point DEP that can handle up to 30,000 such computations per second. We now give a brief
overview of this design.

The structure has two major components, one for computing the 15-point DIVF and the second for
the 16-point DT Each of these components consist of three siubeomponents: the summation the seal-
g, and the transpose. The summation subcomponent consists of an array of bit serial adders,
stubtractors or delay elements The input is processed in a fully pipelined bit skewed fashion. The scal-
ing subcomponent consists of an array of bit serial multipliers (2°s complement) to perform the required
multiplications The input,/output requirements are identical to the swimmation subcomponent. Finally,
the transpose subcomponent consists of an array of shift registers that exccute a pipelined transpose
opeation satisfying the same 10O requirements as the previous subcomponents. The clock period that
can be used for reliable operation of each cell is 10 ns, yiclding a clock frequency of 25 MHz., At this
frequeney with our fully pipelined approach, we can compute 30,000 DETs per sccond with 16 bits of
input /output precision.

Professors Baras and Ja'Ja' in a joint project with engineers from Sperry are studying VILSI
architectures for linear and nonlinear signal processing. Professor Baras has been developing the DEL-
DT expert system for integrated design of VLSI chips for nonlimear real time signal processing. This
software system has several modules  signal modet development and validation, computation of
suflicient statistics, architecture sclection and chip design It will be “intelligent™ enough, when fully
developed, to understand the level of user expertise. It hrings to the practicing engineer a sophisticated
array of technigques and methodologics from stochastic systems, communication engineering, numerical
mathematics, VLSE complexity and architectures, in a directly uscable form. Several open problems in
real time scequential estimation and detection have been resolved by an innovative combination of
sophisticated numerical techniqgues and VLS architectures. 'rofessor Baras with students LaVigna and
Simmons are currently completing the design of a special purpose VLSI chip. the Zakat [ chip, which
provides a real time solution to the celebrated nonlinear filtering problem. A printed circuit board pro-
totype will be finished soon, and then the fabrication of the large (about 140,000 transistors) 22 NMIP
chip will be undertaken. Qur reseatch here has revealed a major weakness of currently used signal
models for communication and control: they are not propetly structured for real-time processing.
Planned  rescarch includes the investigation of massively parallel architectures (like connection
mnachines), neural net type architectures, and applications in adaptive array processing and speech pro-
cessing for reduced bit-rate transmission.

I would like to close this scction with a few remarks regarding the interaction and integration of
the problems and disciplines represented at the SRC. Our research has revealed that systems science
and cenginecting is a powerfull wnafying, interdisciplinary approach to engineering design problems. Our
focus on automatic control and communication systems amplifies this point further. We found that
chiemical plants and printed circuit board automated factories need the same hicrarchical, multi-time
scale decision-aids for scheduling, planmug, operations and even design Large flexible space structures
and highily dexterous advanced robotic arms and hands need the same laboratory ‘design environment,
and can benefit from sophisticated theones and software systems analy zing multi-body dynamics and
listributed sensor fusion. Computer and communication networks and flexible manufacturing factories
can benelit from the system level design tools for modeling, simulation, and perforinance evaluation
that we are developing. Polymerization reactor control and sequential target discrimination rely heavily
on our ability to design digical, real-time nonlinear estimators  Design of very large VLS chips and the
integration of CAD with CAM need the object oriented data base management and control schemes
that we are developing. As we continue our ¢fforts at the SRC we expect this vast cross-fertilization to
guide us in the creation of the design tools for tomorrow’s systems,

THE EDUCATIONAL PROGRANI

The cducattonat program of the SRO s aimed at developang unddergaduate and graduate cuarri-
cula with emphliasis on the tive focus technteal areas ol the Center This progran compleineats the
poscateh activitios of the Center and retlects our commitment 1o developing an extensive and continu-
ots exchange of cducational information with other uniy ersities and reseatch mstitatons, private indus-

try aond government ROD laboratories
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Of particular concern in the development of the cducational programs of the SRC, 1 the planming
and timing of specific courses targeted at bringing the advancements in AIL, VLSI and CAE to many
undergraduate and graduate students Thos as enitical in order to create the necessary “technologically
hterate” student core for the SRC prograns  Spedial purpocc courses on artificial intelbgenee W, be
offered 1n the Fall semester of 1986, in four separate sections (in the electrical, mechanieal, chicmical
cugmeering and computer sciences departments) at the sophomore and junior levels  In addition a gra-
duate coursce‘seminar on Al tools will be given from the currently under development Applied Al
Laloratery

The SRC is rapidly developing plans for a specialized program of shoit courses which will bring
state-of-the art research results to industrial rescarch scientists. This program will be an SRC-wide
extension of the very successful short course on chemical process control offered by the Chiemical
Lagincering Department  These courses will be sponsored by SRC and will bring ac speakers authori-
tics on various subjects of interest to SRC, both from faculty amhated with SRC and elsewhere

In addition. we have inmuated the sponsoring or cosponsoring of colloquia, workshops. satellite
video-conferences and symposia, in order to facilitate the educational function of the center

In what follows, I would like to briefly describe the lnghhights of what has been acliieved tadate
I'urther details can be found in {2-3.

L We initiated a shift to Al language programming from FORTRAN  As explaned earlier we
belicve that Al languages offer many advantages for the description and resolution of engineering
design problems.

[ We introduced or modified some twenty engineering courses with particular emphasis on VLS Al
and CAL technologies

[ 4 We spon<ored a varicty of interdisciplinary systems colloquia, including weekly onces for SRC stu-
dents.

[ ] We emphasized undergraduate rescarch projects and facihitated the necessary “matching” Letween

faculty and students Students were strongly encouraged to build real systepye

® We established procedures for co-advising and joint teaching. breaking several cross-departinental
boundaries
L] We established an advanced design laboratory for college-wide classroom use. Optimization based

design and other advanced software tools will be introduced to students

[ ] Dy insisting that the students actually go through the design process we have increased student
awareness on implementation and digital design 1ssues

[ ] We created a distinguished graduate and undergratuate SRC fellowship program, with explicit
industrial connections We try to provide the student with an industrial "mentor”™ in addition to
his academic advisor.

[} We facilitated student visits and residency at industrial sites. Seven graduate and four undergra-
duate SIRC students will be spending part of this summer on internships with industrial or govern-
ment R&D Jabs.
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