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The multimedia, video-codecchip set described in thispaper represents the
firstgeneration in a family ofdevices thatwill make possible reliable, cost­
effective storage andtransmission ofmultimedia data, including video.
AT&T's multimedia video-codeccomplies with international video stan­
dards. It supports still-image andaudio compression over a wide range of
quality andbit rates; multiplexing ofaudio, video, anddata; and protocol
control for a variety oftelecommunications options. The codec consists of
three chips-a video encoder, a video decoder, anda systems controller­
plus oneor two digital-signal processors anda modest amount ofindustry­
standard, dynamic random-access memory. Inthis paper, we examine the
potential market for sucha device andthe performance and capability
requirements. Wealso describe the overall multimedia-codec architecture
and review the video-signal-processing operations forstandards-compliant
video compression. Finally, wedescribe the architecture ofthe encoder,
decoder, and systems controller.

Introduction
Until recently, telecommunications

and computing wereviewed as separatedisci­
plines. Telecommunications wasanalog and
done in real time, whereascomputing was
digital and doneat a rate determined by the
processing speed ofthe computer. Today,
such technologies as speechprocessing, elec­
tronicmail, andfacsimile haveblurred these
lines. In the next few years,computing and
telecommunications will become almostindis­
tinguishable in the race to supporta broad
range ofnewmultimedia (i.e., voice, video,
and data) applications. These applications are
madepossible by emerging digital-processing
technologies, which include:
- Compressed audio (bothhigh-fidelity audio

and speech)
- High-resolution stillimages
- Compressed video
- Speechandhandwriting recognition
- Speechsynthesis.
The initial driving applications will be for col­
laboration at a distance, including videocon­
ferencing, educating, consulting, negotiating,
and selling.

Ofthese technologies, video is par­
ticularly exciting in terms ofits potential
applications. Butvideo is alsothe most
demanding in terms ofprocessing power and
the sheer quantity ofdatato be processed.
Uncompressed digital video requiressome­
wherebetween 50and 200 Mb/s (megabits
per second) to supportthe real-time transmis­
sionofstandard television-quality images.
This makesimpractical the widespread use of
uncompressed digital video in telecommuni­
cations applications.

Fortunately, there is considerable
redundancy invideo data, both in terms of
information theoryandhumanperception.
This redundancy allows us to compress digi­
talvideo sequencesintolower transmission
rates. For sometime, researchershavebeen
aware ofa variety oftechniques that canbe
used to compress video-data sequences any­
wherefrom2:1 to 1000:1, depending on the
quality requiredbythe application.' Until
recently, however, it wasnot practical to
incorporate these techniques intolow-eost,
video-based applications.

The opportunity to develop cost-
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Panel 1. Abbreviations, Acronyms, and Terms

ANSI - American National Standards Institute
CCITT - International Telegraph andTelephone Con­

sultative Committee (Geneva, Switzerland)
CD-ROM - a compact diskused as a read-only memory

to store digitized images or datathat canbe
accessedinteractively

CHI - concentration-highway interface, a four-wire,
time-division multiplexed link

CIF- common intermediate format; the ccrrrs
image-format standard

CMOS - complementary, metal-oxide semiconductor
codec- coder-decoder
DCf - discretecosine transform
DRAM - dynamic random-access memory
DSP - digital-signal processor
DSP3210 - a multimedia, digital-signal processor;

comeswitha library ofsoftware modules that run
under the AT&TVCOS™ operating system.

FDDI-II - a variant ofFDDI, the fiber-distributed data
interface, and is an ANSI standardfor a
metropolitan-area network that supportsisochro­
nous traffic

FIFO- a first-in, first-out dataqueue
G.711- CCITT standard for3-kHz audio. The 64-kb/s

algorithm uses pulse-coded modulation to digitally
encodeanalog audio.

G.722 - ccrrrstandardfor 7-kHz audio. The 64-kb/s
algorithm is usedfor ISDN teleconferencing and
loudspeaker telephony.

G.728 - CCITT standardfor3-kHz audio. The 16-kb/s
algorithm fordigitally encoding analog audio.

H.221 - ccrrrstandard forvideoconferencing appli­
cations that specifies the frame structure

H.230 - ccrrrstandardforvideoconferencing applica­
tionsthat specifies frame-synchronization control

H.242 - CCITT standardforvideoconferencing appli­
cations that specifies communication between
audio-visual terminals

H.261- ccrrrstandard forvideoconferencing appli­
cations that specifies the compressed-data syntax
forencodedvideo

HBI - host-bus interface
HD1V - high-definition television

effective applications that are based on compressed video
is the result ofprogressin three main areas:
- Standards. The recent development ofCCIITPx64 as a

standardforvideoconferencing, ISO JPEG as a standard
forhigh-quality, still-image storageand retrieval, and
ISO MPEG as a standard for interactive video playback

I/O- input/output
ISDN - integrated-services digital network, a ccrrt-deflned

digital network
ISO - International Organization forStandardization

(Geneva,Switzerland)
JPEG - JointPhotographic ExpertsGroup, which sets ISO

standards forstorageand retrieval ofhigh-quality still
images

macroblock - consists offour8-by-8Iuminance blocks and
two 8-by-8 chrominance blocks

MMAFC - memory management andflow control
MPEG - Motion Picture Experts Group, which sets ISO

standards forvideo, particularly CD-ROM
NTSC - National Television Systems Committee, which

sets standards for television andvideo playback and
recording in the United States

Px64 - a set ofstandards established bythe CCITT for
video telephony and conferencing

PACER - an embedded, RISC processoron the systems­
controller chip; responsible for datamovement, bit
manipulation, anderror-code generation anddetection,
andfor assembly and disassembly ofthe H.221 frame

PM. - PhaseAlternating Line; the European equivalent of
the NTSC standard

PBI - pixel-bus interface
RAM - random-access memory
reference macroblock- the macroblock forthe current

frame
RGB - red,green, and blue; a common meansofinterfac-

ingto a frame buffer
RISC - reduced-instruction-set computer
ROM - read-only memory
SBI - serial-bus interface
SIMD - single instruction, multiple data
SRAM - staticrandom-access memory
DART - universal, asynchronous receiver-transmitter
VBI - video-bus interface
VLE- variable-length encoder
VLSI - very-large-scale integration
YC rCb - color-separated video component used in the CIF

video-format standard; the Ystandsforluminance or
intensity and Cr = Y - red andCb = Y- blueare
colordifferences

provides a platform for interoperability between ven­
dors.This platform, in turn, leadsto widespread mar­
kets that benefit from economies ofscale. (CCIITis the
International Telegraph andTelephone Consultative
Committee, and ISO is the International Organization
forStandardization. JPEG standsforJointPhotographic
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Table I. Applications of Compressed Video

Size Frame rate
(pixels by (frames per

Market Bandwidth Standard lines) second)
Analog videophone 5to 10kb/s nonet 170 x128 2to 5
Basic-rate video telephony 56 to 128 kb/s Px64 176x144 5to 10

352 x288
Business conferencing <:: 384 kb/s Px64 352 x288 15 to 30
Interactive multimedia 1to 2Mb/s MPEG up to 15 to 30

352 x288
Digital NTSC 3to 10 Mb/s MPEGII 720 x480 30
High-definition television > 15 Mb/s FCC 1200 x800 60

t Several standards initiatives are in progress.

Experts Group and MPEG stands for Motion Picture
Experts Group, althoughboth terms are alsoused
to refer to a standardestablishedby the group.)

- Networking. The availability ofisochronous digital­
communications networks, such as FDDl-II and ISDN,
permitsvideo data to be transportedto a broad user
community. (FDDl-II is a variantofFDDl, the fiber­
distributed data interface, and is an ANSI standardfor a
metropolitan-area networkthat supports isochronous
traffic. ISDN is Integrated-Services Digital Network, a
cern-defined digital network. ANSI is the American
National StandardsInstitute.)

- Very-large-scale integration (VLSI). High-performance
VLSI technologies, such as submicrometer CMOS, have
advanced to the pointthat the processingpowerand
memory required to compressand decompressvideo
in real time can be incorporated in a few silicon chips.
(CMOS is complementary, metal-oxide semiconductor.)

In this paper, we describe the architectureand
capabilities ofthree VLSI chips: a video encoder,the
AT&T AVP-4310E; a video decoder, the AT&T AVP-4220D;
and a systemscontroller, the AT&T AVP-4120c. These
three chips,together withone or two DSPs (digital-signal
processors) and a modestamountofindustry-standard
DRAM (dynamic random-access memory), provide a com­
pletemultimedia codec (coder-decoder) that supports:
- Standards-compliant video
- Still-image and audio compression overa widerange

ofquality and bit rates
- Multiplexing ofaudio, video, and data
- Protocol controlfor a wide range oftelecommunica-

tions options.
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To begin,weexamine the potential market
segments and derive fromthem a list ofperformance
and capability requirements. Next, we describe the
overall multimedia-codec architectureand the way it
mightbe used in a videoconferencing application. We
then review the video-signal-processing operations that
are required to provide standards-compliant video com­
pression. Finally, we showhowthese operations are
implemented in a chipset by describing the architec­
ture ofeach ofthe three chips. (Panel 1 defines acro­
nymsand terms used in this paper.)

Codec Requirements
Compressed video will makepossible a broad

range ofnewbusiness and consumer-oriented products
and services that have a wide range of requirements in
terms ofvideo quality, bit rate, delay, cost, and so on.A
simple way to segment these applications is to use the bit
rate required to maintain real-time video. SeeTable I.

Atthe lowend ofthe spectrumis video tele­
phonybased on the use ofregular, analog telephone
lines.!The compressed-video bit rate is limited to some­
where around 10kb/s (kilobits per second), in tum, lim­
itingthe picturesize, quality, and frame rate.Atthe other
end ofthe spectrumis high-definition television (HDTV) ,
whichrequires a data rate ofmore than 15 Mb/s.

In designing the video-codec chipset, wehave
focused on a broad, intermediate range of ISDN and multi­
mediaapplications that span data rates from56kb/s to
4 Mb/s. These rates supporta wide range ofvideo qual­
ity, allthe way from"head and shoulders" video tele­
phonyup to entertainment-quality digital television.



Afterdiscussingthe requirements ofthe various
applications withpotential customers,we identified sev­
eral keyfeatures and parameters that, in turn, specified
the capabilities of the multimedia codec:
- Compresseddata rate:Avariable rate from40kb/s

to 4 Mb/s.
- Picture size: Video, variable up to 288 lines by 352 pix­

els per line (i.e., commonintermediateformat). Still
image, variable up to 1024 by 1024. [Pixel stands for
pictureelement. Pixels, the smallestdisplay elements
(usually, dots or clusters ofdots) on a videodisplay
screen, are used to construct the screen image. Com­
mon intermediateformat, or CIF, is the ccrrrstandard
for imageformats.]

- Frame rate:Variable, up to 30frames per second.
- Standardscompliance: Complies fully with the ccrrr

Px64 (i.e., H.261, H.221, and so on) standard, and with
the ISO MPEG and JPEG standards.

- Real-time performance: Encodingand decoding. Some
compression techniques (e.g., Intel Corporation's pro­
prietaryDVI compression algorithm") are asymmetric;
i.e., they require orders ofmagnitude more processing
to encode rather than decode.This extra processing
makes it impractical for us to consider real-time encod­
ing.Although they maybe usefulfor some applications
(e.g., CD-ROM playback, HDTV) , such techniques do not
support real-time communications. (CD-ROM is a com­
pact disk used as a read-only memoryto store digitized
imagesor data that can be accessed interactively.) The
Px64, JPEG, and MPEG standards can be implemented
using symmetrical algorithms.

- Audio compression: According to CCITI recommenda­
tions G.711 [3kHz (kilohertz), 64kb/s], G.722 (7kHz,
64kb/s) , and G.728 (3kHz, 16kb/s); also MPEG high­
fidelity audio. Multimedia communications and play­
back involve much more than just videocompression.
Almost all applications also require some formofdigi­
tal audio.

- Audio/video/data multiplexing, synchronization, and
framing: This categoryis another nontrivial aspect of
true multimedia interaction. For videoconferencing
applications, the categoryis specified by CCITI stan­
dard H.221. For interactive playback applications,
audio, video, and data are combined accordingto the
MPEG SystemsCommittee Draft.

- Communications interfaces: In the near term, simple
interfacesto AT&T Accunet" digital services-

Switched 56 (i.e., 56kb/s) , T1 (i.e., 1.5Mb/s) , and
Fractional T1-are essential. Also needed are ISDN
basic- and primary-rate interfaces for use whenthese
ISDN servicesare available.

- Cost: Low cost.When the price ofthe codecchipset
drops below $500, a number ofmultimedia applica­
tions becomeattractive. Low cost can be achieved only
if the codec function can be implemented in a small
number ofcustomdevices withmodestpackaging
requirements. Low cost alsorequires simple interfaces
to low-cost, industry-standard DRAM, whichprovides
the video-frame and compressed-data buffering
requirements ofvideo-compression algorithms.

Codec Architecture
Amultimedia codecprovides three basicfunc­

tions,as shownin Figure 1a.The first is a set ofspecial­
ized interfaces to support connections to cameras,dis­
playscreens, handsets, CD-ROMS, etc.The secondis a set
ofsignal-processing functions to translatebetweenthe
rawmediadata and the compressed, standards-eompliant
bit stream that will be used to communicate or store the
multimedia sequence.The third isa multiplexer that can
mix, frame, synchronize, and correct the sequencewhen
it is sent to or received froma real communications or
storage channel.

Video data passes fromthe camerainterface to
the videoencoder,where it is converted into a compressed­
bit stream. Becausethe data rate the encodergenerates
depends heavily on the picture'scontent, a bufferis
inserted to match the varying data rate to that ofa
constant-bandwidth communications channel. The buffer's
size is selected to provide a reasonable tradeoff between
picturequality and delay. Becausethe video decoderalso
consumesbits at an unevenrate, another buffer is required
on the decoding side. In addition, audiodata must be buf­
fered so that the audiodelaymatches the.video. Because
stillimagesdo not require real-time audio synchronization,
they can be treated as data transmissions.

The multiplexer must allocate portionsofthe
available communications bandwidth to each ofthe trans­
mission or reception media. It alsomust provide the
appropriate framing and synchronization to allow real­
time audio/videointeraction betweenusers. In addition,
highlycompresseddata is very susceptible to random
errors, so some formoferror codingand correction is
usually required.
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AsFigure lb shows, three customchipsand one
or two DSPs provide these functions in our multimedia
codec. The video encoderanddecoderdo real-time cod­
ingand decoding offull-motion video, according to the
Px64 and MPEG standards. The AT&T DSP3210 provides
real-time audio coding and decoding, still-picture coding
anddecoding (according to the JPEG standard), and echo
suppression andcancellation for speakerphone applica­
tions. Certain combinations ofaudio and still-picture
encoding require two DSP3210s to provide adequate pro­
cessingpower. All the DSP multimedia software is imple­
mentedunderAT&T's vcos' computer software for
real-time operation ofDsps4-a multitasking, DSP operat­
ing systemthat allows foreasydistribution ofmultiple
tasks across one or more DSPs.

AsFigure lb shows, allthe devices are con­
nectedviatwo busses:
- The systemor host bus is used to set up andmonitor

the operation ofthe codec chips. It can alsobe used to
move compressed or uncompressed video datato and
from the codecchips.

- The serial bus is really a lo-channel serialpathway
between the encoder, decoder, and DSP chipsand the
systems-eontroller chip. This bus is designed to carry
allthe compressed-data traffic between various
devices. Thus, a multimedia conference call canbe
conducted without anyinteraction with the host (or
the host bus).The host (i.e., the main controller in the
applications platform) is only requiredfor callsetup
and error monitoring.

In addition to its host-bus and serial-bus inter­
faces (i.e., the HBI and SBI) , the encoderchipalsohas a
video-bus interface (i.e., the VBI) through which it
receives uncompressed, digital, video data. The encoder
requiresup to I Mbyte (megabyte) ofDRAM to provide
the frame buffering requiredbythe encoderalgorithms.

Figure 1. AT&T's multimedia codec provides (a) three basic
functions: specialized interfaces to various media; signal pro­
cessing to translate raw media data into the compressed-bit
stream; and multiplexing for the sequence that is sent to or
received from a communications or storage channel. (b) The

multimedia codec consists of three custom VLSI chips that
have an assortment of bus interfaces; external and internal
industry-standard DRAM and buffers support the three custom
chips and a DSP. For adequate computational power, some

applications require two DSPS.

The decoderchipalso requiresupto I Mbyte
ofDRAM, and is designed to interface directly to an RGB
(i.e., red, green, andblue) frame buffer.

The systems-controller chipuses the
concentration-highway interface (CHI)-afour-wire,
time-division multiplexed link-to interface directly with
a range ofexisting AT&T communications devices.
These devices provide directconnection to ISDN andits
digital precursors (e.g., TI, Switched 56). The systems­
controller chiprequires I Mbyte ofDRAM, which it uses
to configure the various databuffers in Figure la. The
chipalso requires64kwords by24bitsofexternal SRAM
(static random-access memory), to which it downloads
the microcode for the Px64 or MPEG protocols. The use
ofSRAM to store the protocols enables the chipset to
keep paceas the protocols evolve. Stored protocols can
be updated easily, so the chipset remains compatible
with the protocols used in multimedia devices from other
manufacturers.

The DSP3210 is a multimedia, digital-signal pro­
cessorthat comes with a library ofsoftware modules that
run under the vcas operating system. These modules
provide:
- u-law, 64-kb/saudio, according to the G.711 standard
- 7-kHz wideband audio at 64kb/s, according to the

G.722 standard
- 16-kb/s, low-delay, audio coding, according to the

G.728 standard
- MPEG audio forhigh-fidelity multimedia applications
- JPEG still-image coding anddecoding
- Acoustic echosuppression andcancellation.
The DSP can operatefrom its own dedicated program
memory, or it can share the memory addressspaceof
the host. Connection to a regularaudio codec is done
viathe DSP's serialI/O (input!output) port.

In a typical video-teleconferencing application,
video would enter the codec as analog NTSC composite
video directly from a camera. (NTSC is the National Tele­
vision Systems Committee, although the term is also
usedfor the video standard the committee established.)
The NTSC decoderconverts this to digital format (i.e.,
480 linesby720 pixels per line, 30frames per second,
interlaced). Adecimator circuit selects onefield ofthis
digital video and then doessubsampling (i.e., reduces
the field's resolution) andfiltering. To be compatible
with the CIF standard (Le., the digital inputformat
requiredby the encoder), the luminance information is
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subsampled and filtered to 352 pixels horizontally, and
interpolated and filtered to 288 linesvertically. The
chrominance information is subsampled in the horizontal
andvertical directions to yield a resolution of144 linesby
176 pixels per line. This progressively scannederrdata
feeds directly intothe encoderat 30framesper second.
(Luminance represents information aboutthe black-and­
white aspectsofthe image, while chrominance provides
the colorinformation.)

The encoderchipconverts this video intoa
compressed-bit stream,usingseveral parametersthat
are downloaded fromthe host.These parametersdeter­
minethe target bit rate, picturequality, coded-frame rate,
coding delay, and so on.The compressed-bit stream is
then passed along the serialbus to the systems­
controller chip. The systemscontroller uses its external
DRAM to provide the buffering neededfor the com­
pressedvideo datato meet the constant-bit requirements
ofthe communications channel.

Analog audio is digitized and passedto the DSP,
which converts it intoa compressed-data stream. This
compressed-audio streamis alsopassed along the serial
bus to the systems-controller chip. There, it is buffered
and delayed to matchthe video-encoding delay. The
systemscontroller takes the compressed audio and
video, along withanyhost datathat mayhavebeen pre­
sented on the host bus, andframesthese into one or
more H.221 streams. These streams are sent directly to
the communications channelviathe concentration­
highway interface.

Atthe receiving end, dataenters the systems­
controller chipviathe concentration-highway interface.
Audio, video, and host data are demultiplexed, error cor­
rected, buffered, and resynchronized. Compressed-audio
datais passedalong the serialbus to the DSP, which
decodes it intoreal-time, analog audio. Compressed­
video data is passedto the decoderchip.

The decoderconverts the compressed data into
4:2:2 YC r Cb or 24-bit RGB or frames at the codedframe
rate. (TheYin YC r Cb standsfor luminance; the C r

standsforY - red;and the Cb standsfor Y - blue. The
notation 4:2:2 for coding meansthat each 2-by-2 group of
pixels is representedby fourYvalues, two Cr values, and
two Cb values.) These frames are read fromthe pixel­
bus interface (PBI) directly intothe frame buffer. The
frame buffer's refresh logic generates the necessary
60-Hz, display-refresh rate.
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Video Compression
BothMPEG and Px64 use a variety oftechniques

to isolate and remove redundancies in the image
sequenceand then codethe remaining dataefficiently,
based on the information content. Before weexamine
the detailed architecture ofthe codec chipset, it is useful
to review these techniques:
- Chrominance subsampling. Because the humaneyeis

less sensitive to high-frequency colorinformation, it is
possible to codethe chrominance channels at reduced
resolution with little perceived loss in quality. Hence,
the inputto the encoderis assumed to be in a
luminance-ehrominance format, known as YC r Cb.
In addition, the chrominance data is subsampled by
a factor oftwo in each direction. This subsampling is
known as 4:1:1 coding whereeach 2-by-2 groupofpix­
els is representedby fourYvalues, one Cr value, and
one Cb value.

- Transform coding. Ifwe transform an image from the
pixel domain intothe frequency domain, then weusu­
ally find large amounts oflow-spatial-frequency infor­
mation and relatively small amounts ofhigh-frequency
information. This allows us to codethe image more
efficiently by allocating more transmitted bits to the
low-frequency portions ofthe image. Eachframe is
divided into8-by-8 pixel blocks. To eachofthese
blocks, weapply a two-dimensional, discrete cosine
transform (DCT). This producesan 8-by-8 blockof
two-dimensional, spatial-frequency components. Typi­
cally, manyofthese components will be zeroand need
not be sent. Otherswill be near zeroand canbe coded
efficiently, usingstandard entropy-coding techniques.

- Frame differencing. Anormal video sequence has little
variation from oneframe to the next. If, insteadofcod­
ing eachframe, we codeonly the difference between a
frame and the previous frame, then the amountof
information needed to describe the newframe will be
dramatically reduced.

- Motion compensation. Muchofthe difference that
does occurbetween successive frames canbe charac­
terizedas a simple translational motion, causedeither
by the moving objects in the sceneor by a panofthe
field ofview. Rather thanform a simple difference
between a macroblock in the currentframe andthe
samemacroblock in the previous frame, wecan
search the area near the chosenmacroblock in the
previous frame to find an offset block that more
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closely matches the macroblockin the currentframe.
(A macroblock is a groupof16-by-16 pixels.) Once we
have identified the best match, wecodethe difference
between the reference macroblock in the currentframe
and the best matchin the previous frame, along with
the vectorthat describes the offset ofthe best match.

- Interpolation. In MPEG, picture-coding efficiency is fur­
ther improved by predicting the value ofan intermedi­
ate frame as the weighted average ofa previous frame
anda subsequentframe. Motion compensation must
be applied to avoid artifacts causedby objects that
have moved from one reference frame to another.

- Entropy coding. After allthese steps havebeen

Figure 2. The (a) video encoding and (b) decoding algo­
rithms. The encoder transmits differential information that is
referenced to the previous frame; hence, the encoder and
decoder must have identical copies of that frame. Because
the coding or decoding operation is lossy, the only way to
minimize error is to include a portion of the decoder in the
encoding feedback loop.

performed, the remaining datawill be unevenly dis­
tributed acrossthe range ofpossible numerical values.
Small values ofDCf datawill occurmorefrequently
than largevalues. The sameis true forthe values of
the motion vectors. Entropy coderstake advantage of
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this uneven distribution by usingfewer bits to repre­
sent valuesthat occurfrequently. Hierarchical Huff­
mancoding is the particular technique used in both
Px64 and MPEG.

For a more comprehensive description ofvideo­
compression algorithms, refer to the paperbyAravind
et al. in this issue."

Encoder Techniques. Figure2a illustrates how
the various techniquesare combined to producea Px64
encoder. Assume that the video data is presented to the
encoderin 4:1:1 YC r Cb format.

The first step is to buffer the data to produce
16-by-16 macroblocks, each consisting offour8-by-8
luminance blocksand two 8-by-8 chrominance blocks.

For each reference macroblock (i.e., the macro­
blockfor the current frame), the motion estimator
searches the previous-frame buffer for an offset 16-by-16
blockofpixels that mostclosely matchesthe reference.
This best-match blockis retrieved from the previous­
frame buffer and subtractedfrom the reference to create
the difference block. (The previous-frame buffer holds the
previous frame.) Next, the difference blockis converted
to the frequency domain, usingthe DCf. The frequency
components generatedby the DCf are nowquantized
according to the numberofbits available for coding. A
run-length encoder removes zero-valued coefficients.
(Run-length encoding is a technique for compressing data
sequencesthat havelarge numbersofzeros.)

Finally, the entropy encoderconverts DCf values
and motion vectorsto variable-length codes,and then
outputsthe codedsequenceintothe compressed-data
buffer. This buffer is used to maintain a constantbit rate
for the output. The buffer fullness is used to regulate the
degree ofquantization that is applied to the DCf values
and,hence, the degree ofcompression.

Decoder Techniques. Figure2b showsthe decod­
ing operation. The compressed-data stream is first
applied to the entropy decoder, which detects and con­
verts the variable-length codesintoDCf values, quantiza­
tionlevels, and motion vectors. The DCf values are
passed through an inverse quantizer that restores the
correct level (butnot the truncatedbits-these are lost
in the process).The inverse-ncrprocessorconverts the
quantized valuesbackintoreal pixel-difference values.

The motion compensator takes the motion vec­
tor and uses it to calculate the address ofthe best-match,
16-by-16 pixel blockin the previous frame. Then, this
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blockis addedto the outputofthe DCf processor to pro­
duce the new, decoded macroblock. Next, the decoded
macroblockis converted to raster form foroutputto a
display screen.The macroblock is alsowritten intothe
previous-frame buffer to be used as a reference for sub­
sequentframes.

Note that a significant portion ofthe decoder is
alsoincluded in the encoderarchitecture. The encoder
transmitsdifferential information that is referenced to
the previous frame. Therefore, it is critical that the
encoderand decoderhaveidentical copies ofthe previ­
ous frame. Because the coding or decoding operation is
lossy, the only way to ensure this is to include a portion
ofthe decoderas part ofthe encoding-feedback loop.

Decoder
The video-decoder chip (AVP-4220D) 6 is designed

to decode full-motion video, according to the Px64 and
MPEG standards. The decoderaccepts compressed-video
dataat rates up to 4 Mb/s fromeither the serial bus or
the parallel host bus viathe host!serialinterface. The
decodersupports variable frame rates up to 30frames
per second, andvariable spatial resolutions up to
288 linesby 360 pixels per line. In MPEG video mode, the
decodercan accommodate an arbitrary number ofbidi­
rectional interpolated frames. In MPEG still-picture mode,
it supports variable resolutions up to 1024 linesby
1024 pixels per line.

The decoderoutputsthe decoded video (in
raster-scanned order) on either its host bus or the dedi­
catedpixel bus.The outputformat is either 24-bit RGB or
4:2:2 YC r Cb. (Thechoice ofoutputbus andformat is
programmed through the host bus.)The decoder
requires 1 Mbyte of70-ns (nanosecond) DRAM to provide
the previous-frame buffers for predictive decoding in
Px64 and MPEG andfor interpolative decoding in MPEG.

Figure3 showsa photograph and a block dia­
gram ofthe decoder. Compressed datais passed
through the host-bus or serial-bus interface to the
compressed-data FIFO-a small (i.e., 512 bitsby 8 bits),
first-in, first-out buffer that is designed to holdonly
bursty input. (Thesystems-controller chipprovides
the larger,compressed-data FIFO neededto smooth
frame-to-frame variations.) The FIFO iricludes a user­
programmable flag that is set duringinitialization and
canbe used to generate a host interruptat anypredeter­
mined FIFO level.
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The variable-length decoder is a ROM­
programmable, finite-state machine that converts the
hierarchical, variable-length codesspecified by MPEG and
Px64 intoa series ofsymbols and data that are passed to
the symbol processor.

The symbol processor-a programmable, reduced­
instruction-set computer (RIse)-performs most ofthe
control functions in the decoder. The symbol processor
receives symbols from the variable-length decoderand
issues commands to the memory controller and the signal
processor. It uses the sparse datacontained in the sym­
bols to reconstructthe complete ucr-difference blocks,
which are then passed to the signalprocessor. The sym­
bolprocessorincludes hardware to executetime-critical
tasks (suchas run-length decoding ofncr data) in a sin­
gle instruction. The programis stored in on-chip RAM and
canbe downloaded from the host-bus interface.

The signal processor is a singleinstruction, multi­
ple data (SIMD) machine made up ofsixprocessingele­
ments and a ROM-programmed microcontroller. The sig­
nalprocessorprovides the computational powerrequired
to perform such functions as inverse ncr, inverse quanti­
zation, and blockupdate. The sixprocessing elements
operateconcurrently on the six blocks (i.e., fourlumi­
nanceblocksand the two color-difference blocks that
makeup a singlemacroblock).

The memory controller is a preprogrammed mod­
ule that provides the interface to external DRAM to support
both blockand raster accessofvideo data. The memory
controller moves decoded blocks from the signal processor
to the DRAM. It alsoreads decoded datafromthe DRAM in
raster-scanned format, interpolates the datafrom4:1:1 to
4:2:2, and then moves the datato the colorconverter. The
memory controller provides a direct interface to industry­
standard DRAMs andautomatically generates refresh cycles.

When24-bit RGB outputis specified, the color
converter converts 4:2:2 YC r Cb pixels into24-bit RGB,
usinga multiplier-accumulator and a lookup table.
Decoded pixels are stored in a 32-by-24-bit pixel FIFO.
This FIFO alsoincludes a user-programmable flag that is
set duringinitialization and canbe used to generate a host
interrupt. Fromthis FIFO, pixels can be sent to the host
bus or to the pixel bus.

Notethat the decoderonlygenerates pixel values
for those framesthat were coded. It assumesthat an
external frame buffer is loading these valuesand generat­
ing the necessarysignals for screen refresh.

Encoder
The video encoder (AVP-431OE) 7 is designed to

compress full-motion video according to the Px64 stan­
dard and high-resolution stillimages according to the
MPEG standard. The encoderalsosupports MPEG
intracoded-frame video encoding fordigital-editing
(i.e., authoring) applications.

The video encoderaccepts video inputin 4:1:1
YC r Cb format at 30frames per second on either its
video inputbus or the host bus.The encodersupports
variable video-spatial resolutions up to 288 linesby
360 pixels per lineand still-image resolutions up to
1024 linesby 1024 pixels per line. Predictive-frame cod­
ingis based on exhaustive search-motion estimation,
with a search range of±15 pixels.

The outputdata rate is selectable, from 40 kb/s
to 4 Mb/s. Compressed datacan be madeavailable on
either the serialbus or the host bus.The encoder
requires 1 Mbyte ofexternal 60-ns DRAM to holdboth the
current inputframe and the reference frame forpredic­
tive coding.

Figure4 shows a photograph and the architec­
ture ofthe encoder. The input-i.e., 4:1:1 raster-scanned
video data-passes from either the video-input bus or the
host bus to a 3-kb (kilobit) uncompressed-data FIFO, i.e.,
the luminance video FIFO and chrominance video FIFO in
Figure4a. A user-programmable FIFO flag canbe set dur­
ing initialization to generate a host interruptat anyuser­
defined level. Fromthis FIFO, the datapasses to the
memory controller.

The memory controller (MMAFe in Figure4a)
transfersthis video datato the current-frame buffer in
external DRAM. The memory controller is a RIse proces­
sor whoseprogramis stored in on-chip RAM. It is the
maincontrolling processoron the encoderand is respon­
siblefor:
- Transferring inputvideo to the DRAM.
- Reading intothe motion estimator the nextmacro-

blockfrom the current frame and the appropriate
search area from the previous frame.

- Transferring the best-match 16-by-16 block andrefer­
ence macroblock to the quantization processor.

- Saving the decoded macroblock from the signal pro­
cessor intothe previous-frame buffer in DRAM.

- Programming the global controller (Ge) before the
encoding operation starts.

- Providing hundreds ofsoftware registers that the
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user can set viathe host-bus interface whenthe
encoder is not actively encoding. Oncecoding begins,
these registers control the operation ofthe other func­
tional units.

In addition, the memory controller provides a direct
interface to industry-standard DRAMs and automatically
generates refresh cycles.

As input, the motion estimator takes a reference
macroblock from the current frame, together withsev­
eral macroblocks from the previous frame that define a
search area aroundthe position ofthe reference macro­
block. It finds the pixel offset ofa 16-by-16 blockin the
previous frame that provides a best match (interms of
summed, absolute difference) with the reference macro­
block. It outputsa best-match motion vectorto the quan­
tization processorand provides the memory controller
with address information to fetch the best-match 16-by-16
block. If the best matchis poor, the motion estimator
maydecide to "turn off' predictive codingfor that block
and instructthe quantization processorto codeit as an
intrablock (i.e., a blockthat is not codedwithrespect to
the previous frame).

The motion estimator is implemented as a two­
dimensional systolic arraythat consistsof256 processing
elements. To conductan exhaustive search overa
±15 pixel search range, the estimator needs to perform
6.5 billion operations per second.

The quantization processor is a RIse enginethat
takes the reference macroblock, subtracts it fromthe
best-match 16-by-16 block, and passes the result (i.e., the
difference macroblock) to the signal processor. How­
ever, this processor'sprimary function is to determine
the correct level ofquantization to apply to each macro­
blockto maintain a constantcompressed-bit rate and
goodimage quality. Aprogramstored in on-chip RAM is
used to executean adaptive-quantizer, buffer-control
algorithm. This algorithm adjustsquantization according
to the fullness ofa virtual outputbuffer that the variable­
lengthencoder (VLE) maintains. The algorithm employs
a largenumberofprogrammable registers that enable
users to control the picturequality, bit rate, encoding
delay, coded-frame rate, and so on.

The signal processor is a ROM-programmed, six­
processing-element, SIMD arraysimilar to the one used in
the decoder. It performs the arithmetic-intensive tasks of
the encoding algorithm. It accepts the difference macro­
blockfrom the quantization processorand performs a
»cr on each ofthe component blocks. It then performs
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quantization, according to the value supplied bythe
quantization processor. Next, run-length encoding ofthe
quantized valuesis applied, and the resultis sent to the
variable-length encoder.

The signalprocessoralsoperforms inverse quanti­
zation and inverse ncr to constructa copy ofthe decoded
macroblock to be stored in the previous-frame buffer.

The variable-length encoder is a ROM-programmed,
RIse enginethat takes run-length-coded ncr datafrom the
signal processorand motion vectorsfrom the quantization
processor. Fromthese, it producesa hierarchically coded
bit stream, according to the syntaxrequirements ofthe
Px64 and MPEG standards. Special hardware is included to
generate and packvariable-length symbols at peakrates
up 80Mb/s. The variable-length encoderalso keepscount
ofhowmany bits havebeen generatedby the current
frame. The quantization processoruses this countto
maintain a virtual buffer and ensure correctoperation over
a constant-bandwidth channel.

The compressed-data FIFO is a I-Mb (megabit)
buffer that is used to smooththe burstyoutputofthe
variable-length encoderto supporta reasonable rate at the
serialoutputport.This FIFO is not intended to be the
system-level video-data buffer (afunction that is supplied
bythe systems-controller chip). The compressed-data
FIFO consistsof three parts:
- A4-kb, variable-length-encoder FIFO (theVLE FIFO) that

absorbsthe directoutputofthe variable-length encoder.
- ADRAM FIFO controller that directly interfaces to an

external l-Mb DRAM chip. This controller operates the
DRAM in pagemodeto givemaximum bandwidth. Most
ofthe cycles are preallocated to the writing function to
absorbthe large peak-data rates that maycome from
the variable-length-encoder FIFO. The remaining cycles
are used to maintain a lowersteady-transfer rate to the
output-data FIFO.

- A2-kb, output-data FIFO that buffers databetween the
buffer DRAM and either the serial-bus or host-bus inter­
face. The peak-data rate at this pointis 15Mb/s. Dur­
inginitialization, a user-programmable flag canbe set to
generate an interruptat anypredefined level.

The global controller is a programmable-state
machine that synchronously starts each ofthe proces­
sors in the encoder, based on the frame and macroblock
boundaries. This controller ensures that allthe datapipe­
linesoperatecorrectly at the prescribed frame rate.

The memory controller programs the global con­
troller immediately before the start ofcoding. The serial-



bus interface also provides a serialinputthat the global
controller uses to transferinformation aboutreal
hardware-buffer fullness from the systems-controller
chipto the encoder. This information allows corrective
action to be taken if the encoder (which is locked to the
camera-frame rate) and the systemscontroller (which is
locked to the communications interface) drifttoofar out
ofsynchronization.

Systems Controller
The systemscontroller (AVP-4120e), a multiple­

protocol communications controller for interactive video
andvideo teleconferencing, is designed to relieve the
host systemofmuchofthe burdenofhandling and syn­
chronizing compressed-video and-audio streamsand the
associated signaling. These functions include:
- Multiplexing, demultiplexing, andframing ofPx64

audio, video, anduser databased on the H.221
specification.

- Multiplexing and demultiplexing ofcompressed MPEG
audio, video, anduser dataaccording to the ISO MPEG
system-layer specification fordigital storagemedia.
Functions, here, include the MPEG-reference clock,
presentation-time stamps, buffering, and bit-stream
management.

- Forward-error coding and correction ofthe Px64 video
streambased on the H.261 specification.

- Channel management, call setup,andcalltear down
basedonthe H.221, H.242, and H.230 specifications.

- Video buffering oftransmitted and received datato
maintain a constanttransmitted-bit rate according to
the H.261 specification.

- Audio buffering and delay adjustment, relative to the
video data, to maintain lipsynchronization.

- Combination and synchronization oftwo communica­
tionschannels-including two Switched 56-kb/schan­
nels, two Switched 384-kb/s channels, or two ISDN
bearer or B channels-that mayexperience different
delays as they travel throughthe network. (Switched
meansthey are digital channels that use the switched,
public telephone network rather than private lines.)

Communications-protocol activities are divided
among multiple tasks that run on the host and the sys­
tems controller, which consistsofan embedded proces­
sor (thepacer) that is assistedby several on-chip engines
(i.e., hardware modules) dedicated to specific tasks.
Time-critical activities that requireextensive bit manipu­
lations are delegated to the pacerand its attached

hardware engines. Activities that are nottime-critical
(butare byte-aligned) are delegated to the host.The
pacerand its attached enginesare responsible fordata
movement, bit manipulation, anderror-eode generation
and detection; andfor assembly anddisassembly ofthe
H.221 frame.

Figure 5 shows a photograph anda simplified
block diagram ofthe systems controller. The paceris an
embedded RIse processor whose instruction set wasjudi­
ciously chosenfor optimum performance ofthoseopera­
tionsthat are normally neededin communications­
protocol controllers. In this application, the pacerruns at
22.5 MHz (megahertz) and performs 24-bit integer
instructions on anyofits 256 internal registersin a single
clock cycle. Eachofthe 24-bit registerscanbe addressed
as anycombination of8-, 16-, or 24-bit datatypes or as a
24-bit pointer.

The paceruses a Harvard architecture inwhich
instructions and dataresidein separate, distinct memo­
ries. Its dedicated instruction-memory portsupports up
to 64kwords of24-bit instructions (where k = 1024).
Throughits data-memory port, the pacercanaddress
other sections ofthe systems controller, as well as the
external DRAM. The pacerhas a two-stage, I/Opipeline
that allows independent execution ofI/O instructions in
datamemory. Data-memory accesses are used to com­
municate with other sections ofthe device andto access
the external DRAM throughthe built-in DRAM controller.

The bitserver is a dedicated engine that is
designed to efficiently handle the bit-level operations
called forbythe H.221 protocol. The bit server's func­
tions include:
- Flow control ofinformation bitsforassembly into the

H.221 frame.
- The assembly ofbytesfrom various small groupsofbits.
- Calculation ofindependent cyclic-redundancy checks

for eachchannel.
- DART emulation. (DART standsforuniversal, asyn­

chronous receiver-transmitter.)
- Fast-framing (i.e., find a frame-a structured bit

stream-quickly) .
- Generation and detection offorward error-correction-

code, basedonthe H.261 protocol.
To do these functions with real-time software would have
requiredan execution rate of50million instructions per
second.

The FIFO server is a controller whose main func­
tionis to createlarge FIFOs in DRAM to facilitate system
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synchronization ofthe audio and video data,prevent
information overrunsand underruns, and provide recov­
ery fromerror conditions. While the audio and video
data pipesare servedby the FIFO server, the primaryand
secondarydata pipesare directly connectedto the bit
server. Each FIFO is selectively accessible through the
host-bus interface in big-endian or little-endian format or
viaa serialbus witheither the most-significant bit or the
least-significant bit first.

The concentration-highway interface is a time­
division-multiplexed serialbus that can be configured to
connectto a widerange oftelecommunications compo­
nents. It can alsobe configured to be compatible withthe
timingofmost existing systems. As a result, it givesthe
systemscontrollera simple interface to ISDN, pre-ISDN,
and other synchronous-communications systems.

Other blocksprovide additional supportfunc­
tions that enable the pacer to do all the needed protocol
functions in real time. The host-bus interface provides a
command-oriented interface for the portion ofthe Px64
protocol stack that runs on the host and on the applica­
tionsoftware. This interface alsoprovides an alternate
path for data transport. The systems-controller chip
comeswithprotocol code to supportPx64 video telecon­
ferencing and MPEG authoringand playback, and suites
oftest code to facilitate system debugging and in-system
DRAM and SRAM tests.

In addition to providing formatting andframing
functions, the systemscontrollersynchronizes the data
to timing that is imposed by the communications net­
workor by fixed-rate storage devices. The protocol code
identifies synchronization patterns in multiple channels
where the delaybetweenchannelsmaybe different and
buildscode that recoversa coherent channelin real time.

The systems controller mayalsobe used with
the host-bus interface that handles the networktraffic,
insteadofwiththe concentration-highway interface. Net­
worktraffic must be redirected to the host-bus interface
whenan existing bus-based subsystem, such as a local­
area network, is being used to move synchronous data.
In these applications, the device does not rely on the
concentration-highway interface to controlthe rate of
data transport. Instead, an internaltimer controlsthe
transmitand receive rates.The rate ofthe timer is
adjusted dynamically to matchthe aggregate rate ofdata
transport ofthe network. In this way, the entire system
stillsynchronizes its timing to the network, but the host

systemcan transferblocksofdata in bursts to andfrom
the systemscontroller.

Regardless ofthe source ofnetworking timing, a
feedback path dynamically adjuststhe serially connected
encoder's rate ofvideo generationto matchthe network
and controlthe quantization steps the encoderuses.The
FIFO server delays the audio to achieve lip-synchronization
withthe video, and controls the audio sampling rate to
match the network-transfer rate.

Silicon Devices
Preproduction modelsofthe three multimedia­

codecchipshavebeen designedand builtusingAT&T
Microelectronics' 0.9-~m (micrometer) and O.6-~m CMOS
processes. Figures3a,4a,and 5aare photographs ofthe
three chips.

The video encoder (Figure 4a) has been designed
entirely as a full-custom device usingsymbolic layout and
compaction. (Full custom means that every circuitwascus­
tom made, and wasnot froma components or circuits
library.) The 120-mm2 (millimeters square) die contains
about1.6million transistorsand runs at 45MHz under
worst-case power, voltage, and processparameters. It
dissipates about5wattsat 45MHz and is packaged in a
159-pin, plastic-pin grid arraywitha heat-spreading metal
insert. Production devices are expected to dissipate less
than 5watts.

The video decoder (Figure 3a) has been designed
usinga mixture offull-custom and standard-cell techniques.
It contains 1.2 million transistorsand occupies an area of
145 mm".The production device will occupy less than
120 mm", At45MHz, the device dissipates about2.5 watts.
The decoderis packaged in a 159-pin, plastic-pin grid array.

The systemscontroller (Figure 5a) employs a
hybridmixofstandard-cell and custom-layout techniques.
Whereverpossible, standard-cell techniques wereused to
maximize the design's portability to other technologies.
The pacer blockwaslaidout separately to optimize perfor­
manceofboth the arithmetic-logic unitand other critical
datapaths.

The systemscontroller contains 425,000 transis­
tors and occupies an area of115 mm/. Its power dissipa­
tion at 45MHz is measuredat 2 wattsunderworst-case
processing, electrical, and environmental conditions.
This chipwill be manufactured usingthe AT&T two­
level-metal, O.6-~m CMOS process,and is packaged in a
156-pin, plastic-pin grid array.
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Summary
The three multimedia-codec chipsdescribed in

this paper represent the firstgenerationin a family of
devices that will makepossible reliable, cost-effective
storageand transmission ofmultimedia data, including
video. The goal in designing these chipshas been to pro­
videa complete multimedia platform that addresses a
wide spectrumofcapability, quality, and bandwidth and
complies withemergingstandards.The combination of
readily available, digital-communications services; low­
cost, VLSI codec chips that comply withstandards; and
powerful, multimedia computing platforms will make
possible a range ofproductsand servicesthat we can
onlybegin to imagine. As these applications evolve, new
versions ofthese chipswill be required that are tailored
to specific markets and optimized for performance,
power, or cost.

References
1. A.N. Netravali and B.G.Haskell, Digital Pictures: Representation

andCompression, Plenum Press,NewYork, NewYork, 1988.
2. S. H. Early, A.]. Kuzma, and E. Dorsey, 'The VideoPhone 2500­

Video Telephony on the Public Switched Telephone Network,"
AT&TTechnical Journal, Vol. 72, No. Ljanuary/February 1993,
pp.22-32.

3. A.C.Luther, Digital Video in the PC Environment, Second edition,
IntertextPublications, McGraw-Hili, New York, New York, 1991.

4. AT&T, VCOS Multimedia Development Kit, Technical Reference
Manual, AT&T Microelectronics, 555 Union Boulevard, Allentown,
PA 18103, 1992.

5. R. Aravind, G. L. Cash, D.L. Duttweiler, H-M. Hang, B.G.Haskell,
andA.Puri,"ImageandVideo Coding Standards," AT&TTechnical
Journal, Vol. 72,No. I, January/February1993, pp.67-89.

6. D.M.Brinthaupt, D.L. Letham, V. Maheshwari.J, H.Othmer, R. R.
Spivak, B.Edwards, C.Terman,and N.Weste,"AVideo Decoder
for H.261 Video Teleconferencing and MPEG StoredInteractive
Video Applications," Proceedings ofthe1993 International Solid­
State Circuits Conference, SanFrancisco, California, February
24-26, 1993, IEEE, SanFrancisco, to be published February1993.

7. S. Rao, M. Hatamian, M.Uyttendaele, S. Narayan.J, O'Neill, and
G. Uvieghara, "AReal-Time P*64/MPEG Video EncoderChip,"
Proceedings ofthe 1993 International Solid-State Circuits Confer­
ence, SanFrancisco, California, February24-26, 1993, IEEE, San
Francisco, to be published February1993.

(Manuscript receivedJune 17, 1992)

Bryan D. Ackland is head of the VLSI Systems Research
Department with AT&T Bell Laboratories in Holmdel, New
Jersey. He is responsible for research into architectures,

66 AT&TTECHNICALJOURNAL.JANUARY/FEBRUARY 1993

circuits, and tools for full-eustom VLSI design in high­
performance signal-processing and communications applica­
tions. Mr. Ackland joined the company in 1978. He has a
B.Sc. in physics from Flinders University, Australia, and both
a B.E. and Ph.D. in electrical engineering from the University
of Adelaide, Australia.
Reza Aghevli is a technical manager in the Video Subsystems
Department with AT&T Bell Laboratories in Allentown, Pennsyl­
vania. For the past several years, he has been involved in the
design and development of communications-protocol control­
lers to support AT&T's digital-telecommunications network for
voice and data applications, and to support local-area net­
works. His most recent activity has involved development of
the systems-controller VLSI for audio-video teleconferencing
and multimedia applications. Mr. Aghevli joined the company
in 1982. He has a B.S. in electrical engineering from The
University of Tehran, Iran, and both an M.S. and Ph.D.
in electrical engineering from The University of Michigan in
Ann Arbor.
Ismail Eldumiati is head of research and development for
AT&T's Visual Communication Solutions business unit in
Holmdel, New Jersey. He is responsible for R&D activities in
the areas of video conferencing, video telephony, and desk­
top applications. His past work included integrated-eircuit
development for digital-signal processing, telecommunica­
tions, and data communications. Mr. Eldumiati joined Bell
Laboratories in 1972. He received a B.S.E.E. from Alexandria
University, Egypt; and an M.S.E.E., an M.S. in physics, and a
Ph.D. in electrical engineering from The University of Michigan
in Ann Arbor.
ArnoldC. Englander manages the video codec VLSI program
and is responsible for multimedia and video-telephony market
development for AT&T Microelectronics in Berkeley Heights,
New Jersey. Mr. Englander joined the company in 1990. He
has M.S. degrees in electrical engineering and architecture
from Yale University in New Haven, Connecticut. .
Eugene Scuteri, Jr. is a supervisor in the Video Subsystems
Department with AT&T Bell Laboratories in Holmdel, New Jer­
sey. He manages the encoder and decoder device-design
effort and is part of the system-definition team. Mr. Scuteri
joined the company in 1979. He has a B.S.E.E. from Fairleigh
Dickinson University in Teaneck, New Jersey, and an M.S.E.E.
from the Polytechnic Institute of New York in Brooklyn.


