


Their Effectiveness," |IEEE Trans. on Conputers, 1972, p. 948. Each
processor in a SIMD machi ne may have several different functiona
units operating in a pipelined fashion.

Since conputer size is normally fixed while problemsize is variable,
it is coomon for an array of SIMD processors to be used to performa
calculation that corresponds naturally to a |larger spatial array of
processors, perhaps with nore di nensions than the actual physica
array. This can be achi eved by having each of the processors sinmulate
t he behavior of sonme portion of the space. Several physica
simul ati ons on the ILLIAC IV conputer were done in this manner, as
described in R M Hord's book, The ILLIAC IV: The First

Super conput er, Conputer Science Press (1982). Typically, the enul ated
space is split into equal -sized chunks, one per processor. In

probl enms with only nearby-nei ghbor interactions in an enul ated

spatial lattice, such a data organi zation mnim zes interprocessor
comuni cation. This point was discussed by Stewart F. Reddaway (in
the context of the SIMD nmesh DAP conputer) in his article entitled

"Signal Processing on a Processor Array," in the 1985 Les Houches
proceedi ngs entitled Traitenment Du Signal / Signal Processing, Vol. 2,
Lacoune et al. (eds.), Elsevier Science 1987. |If the chunks are

| arge, then short range commruni cation in the physical processor array
can correspond to nuch | onger range communi cation in the enul ated
lattice.

A sinple way to performa calculation that maps naturally onto a | arge
array of processors is to have each physical processor sinulate
several virtual processors. This idea is discussed by Steven

L. Taninoto and Joseph J. Pfeiffer, Jr., in an article entitled "An

| mage Processor Based on an Array of Pipelines,” |EEE Conputer Society
Wor kshop on Conmputer Architecture for Pattern Analysis and | nage

Dat abase Managenent, 1981, p. 201. 1In the virtual processor approach
t he physical hardware ermul ates a virtual nachine of the size and type
needed to directly performthe cal culation. Since virtual processors
are sinmulated both sequentially by each physical processor and in
parallel by all of them hardware designed explicitly for virtua
processi ng can take advantage of both nultiple processors and multiple
pi pelined functional units w thin each processor. In such hardware,
menory and conmuni cation latency (i.e., tine delay) can be absorbed
into the processing pipeline. This approach was used, for exanple, by
Tommaso Toffoli and Norman Margolus in the design of their CAM6
virtual processor cellular autonmata hardware, as is discussed in their
book, Cellular Autonmata Machines, MT Press (1987), p. 243.

In these early cellular automata nmachi nes, programers coul d choose
fromanong a restricted set of comrunication patterns within a
fixed-size enulated lattice (see Toffoli and Margolus, p. 55). The
nore recent CAM 8 machine, described in U S. Patent No. 5,159,690, in
the name of Norman H. Margol us, uses a sinpler comunication schene,
in which sheets of bits nmove a given anobunt in a given direction in
the emul ated lattice (which has a programmabl e size and shape). This
shifting bit-sheet schenme is inplenmented as a pipelined version of
traditional SIMD nesh data novenent. Because of the specialization to
shifting entire sheets of bits, however, only a few paraneters
controlling a restricted set of repeated comruni cati on patterns (as
opposed to detail ed clock-by-clock SIMD control information) are
broadcast to the processors.



In a virtual processor architecture such as CAM8, in which the state
of the enul ated spatial lattice is held in nenory devices, the speed
of processing is limted primarily by the nmenory bandwi dth. Recent
devel opnents in sem conductor technol ogy all ow processing | ogic and
DRAM nenory to be placed together on a single sem conductor chip, thus
maki ng enornous nenory bandwi dth potentially available to virtua
processor |lattice conputations. |In this context, performance and
flexibility of a mesh array of chip-scale processors may becone
limted by communications bandwi dth between chips, and by the

bandwi dth of the control streamconming into the chips. A uniform SIND
conmuni cation architecture (like that of CAM8) is not appropriate in
this context, since a uniformarray of SIMD processing nodes on each
chip would nmake very uneven and inefficient use of inter-chip

communi cation resources: nodes al ong an edge of the array on one chip
woul d either all need to conmunicate off-chip sinultaneously, or al
need no communi cation sinmultaneously. Furthernore, a fixed virtua
machi ne nmodel architecture (like that of CAM8) gives up nuch of the
flexibility of a nore general SIMD architecture. For flexible
fine-grained control, a high control bandw dth is needed.

To achi eve maxi mum nmenory bandwi dth, on-chi p DRAM nust be used in a
constrai ned fashion. For exanple, in a given block of DRAM once any
bit in a given DRAMrow i s accessed, bandwi dth may be wasted if all of
the bits of that row are not used before noving on to another row
Simlarly, if menory rows are accessed as a sequence of nenory words,
then all of the bits in entire words nay al so need to be used
together. These kinds of menmory granularity constraints nust be
efficiently dealt with. Tenporarily storing data that are read before
they are needed, or that can't be witten back to the right block of
menory yet, wastes the bandwi dth of the tenporary storage nenories,
and wastes the space taken up by these extra nenories. Not having
data avail able at the nonent they are needed wastes processing and
conmuni cati ons resources.

SUMVARY OF THE | NVENTI ON

The present invention features a nechanism for optimzing the use of
both nmenory bandwi dth and inter-chip communi cati ons bandwi dth in a
sinple and flexible lattice-enmulation architecture. Provided are a
processor and correspondi ng nethod for perform ng operations
associated with a process occurring in at |east one enulated lattice
having at | east one sector having lattice sites therein. The
operations are perfornmed by at |east one processi ng node associ ated
with the at | east one sector. The processing node includes a nmenory
for storing lattice site data associated with the lattice sites and
the lattice sites each are associated with data in a data structure.
Sets of honpl ogous bits, one from each associated data structure at
each lattice site, formbit-fields.

According to one aspect of the invention, a shift-invariant partition
of the at |least one sector into pluralities of lattice sites forms
pluralities of site-aggregates, each site-aggregate being unsymetric
about every parallel to at |east one edge of the at |east one sector
A portion of each bit-field associated with each site-aggregate forns
a bit-aggregate, which is stored in the menory as an addressable unit.



The processing node shifts data for at |east one of the bit-fields
within the at | east one sector of the enulated |lattice by addressing
each bit-aggregate in which each portion of the at |east one of the
bit-fields is stored.

According to another aspect of the invention, the at |east one sector
is partitioned in a shift-invariant manner into pluralities of lattice
sites forming first site-aggregates, which are grouped to partition
the lattice sites of the at | east one sector in a shift-invariant
manner to forma plurality of second site-aggregates, whereby a
portion of each bit-field associated with each first site-aggregate
forms a first bit-aggregate. Pluralities of the first bit-aggregates
are grouped together to form second bit-aggregates of data associ ated
wi th correspondi ng second site-aggregates, each of which is stored in
the nenory as an addressable unit conposed of separately addressabl e
first bit-aggregates. The processing node shifts data for at | east
one of the bit-fields within the at | east one sector by addressing
each second bit-aggregate in which each portion of the at |east one of
the bit-fields is stored, and addressing each of the constituent first
bit-aggregates in the addressed each second bit-aggregate.

Enbodi ments of the invention may include one or nore of the follow ng
features.

The bit-field data for each of the lattice sites to be updated nmay be
processed to transformthe value of the associated data structure.
The processing can conprise performng a synbolic operation.

Al ternatively, the processing can conprise perform ng a nunerica
operation.

The processing may include reading fromthe nenory the bit-field data
for each lattice site to be updated, updating the read bit-field data
and witing the updated bit-field data to the nenory. The updating
can occur after the shifting and the bit-field data read fromthe
menory are shifted bit-field data. The updating can occur before the
shifting and the bit-field data witten to the nenory are shifted
bit-field data

The at | east one sector may conprise a plurality of sectors and the
operations may be performed by an array of processing nodes, each
associated with a different one of the sectors in the plurality of
sectors and conmunicating with others of the processi ng nodes
associ ated with nei ghboring ones of the sectors in the plurality of
sectors.

The bit-field data may be shifted periodically within each sector of
each associ ated processi ng node, such that the data that shifts past
an edge of the sector waps to the beginning of an opposite edge of
the sector. The periodic shifting may be perfornmed by nenory
addressing and by re-ordering bits within addressed ones of the

bi t - aggr egat es.

The periodically shifted bit-field data can be read by the processing
nodes. Each of the processing nodes can access data for one of the
site-aggregates to be processed and communi cates the wapped data to a
near by one of the processing nodes, the conmuni cated w apped data
bei ng substituted for the wapped data within the nearby one of the



processi ng nodes to which it is comrunicated.

The processing can include using a table | ookup. Each of the
processi ng nodes can include a plurality of processing elenents for
processing a parallel streamof the bit-field data and the table

| ookup can be shared by all of the processing elenents in each
processi ng node.

The bit-field data can be | oaded into the shared | ookup table so that
data fromall of the lattice sites in a given one of the sectors can
be used to randomy access data belonging to a fixed set of the
lattice sites.

The plurality of lattice sites aggregated within each

of the site-aggregates nmay have a uniform spacing relative to each
edge of the at | east one sector, the difference for any two of

the site-aggregates in the respective nunbers of lattice sites
lying within a give distance of an edge being at nobst one.

The second bit-aggregate may aggregate first bit-aggregates which are
all associated with a single sector, and which in their pattern of
groupi ng of data associated with lattice sites, are all periodic
transl ati ons of each other along a single line in the single sector
The aggregated first bit-aggregates can then be ordered along this
line, with this ordering reflected in the nenory addresses where they
are stored. Shifting of the at |east one bit-field then involves only
a cyclic permutation in the order of each set of constituent first
bit-aggregates within the correspondi ng second bit-aggregate.

The at | east one enulated lattice can include at |east two enul at ed
| atti ces having unequal nunbers of the bit-fields. The shifted
bit-field data fromthe at |l east two enulated lattices may be
processed toget her.

The nenory can include at | east two nenory bl ocks, and nore than one
of the at least two nenory bl ocks can be coupled to each processing
el ement .

The plurality of processing el enents can share a | ookup table.
Each processing elenent can include bit-serial arithnmetic hardware.

The nenory can include at | east one nenory block and portions of the
at | east one nmenory bl ock can be selected to store control information
used during a period in which a row of nmenory words is processed.

Each of the processing nodes can be connected by mesh 1/Olinks to
nei ghboring processing nodes to forma nesh array, each of the
processi ng nodes bei ng associated with an equal -si zed sector of the
emul ated lattice and the performance of the operations can be divided
anong the processi ng nodes.

The operations can be performed under the control of a host to which
the processor is connected.

The processi ng node can be coupled to a nonvolatile nenory device for
storing a program A copy of the programis | oaded into the



processi ng node at boot tine.

The processi ng node can include reprogrammbl e | ogi c bl ocks of the
sort used in FPGA devices, along with reprogramable 1/0O pins, for
interfacing with other el ectronic devices.

The processi ng node can control an external nenory device used for
storing bit-field data and for storing control information

The nmechanism for efficient data access and comruni cation in spatia
latti ce computations of the present invention offers severa

advant ages, particularly for large 2D and 3D spatial lattice
conputations. The data access and communi cati on nmechanismrelies on
an arrangenent of data in nenory and a schedul i ng of nenory accesses
and comuni cation events to optinm ze the use of both nenory bandwi dth
and comuni cati ons bandwi dth. For conputations (including synbolic
and arithnetic) on enul ated spatial lattices, all bits that are read
frommenory are exactly those needed next by the processing and
conmuni cati on hardware. The mechani sm deals with a hierarchy of
menory granularity constraints by matching data organi zation in nmenory
to the nmost efficient menory access patterns, w thout having to buffer
data. Moreover, the mechani smtakes advantage of nenory |ayout and
access order to produce an even demand on communi cati on resources. A
direct virtual processor enulation of a SIMD array on each processing
node woul d not have this property. Additionally, slow external menory
can also be dealt with efficiently by sinply treating internal nmenory
as an additional level in the granularity hierarchy. The nethod for
dealing with menory granularity and for allow ng spatial shifting of
lattice data by addressing is also directly applicable to lattice

cal cul ati ons on conventional conputers.

The nechani sm further supports a virtual nmachine nodel for performng
SI MD operations on sel ected subsets of virtual processors. For
exanpl e, sublattices of the enul ated space can be identified and
processed in turn. Virtual processors that are not active in a given
conput ational step are not enul ated during that step. Both the
spatial structure of the emulated lattice and the structure of the
data associated with the lattice sites can change with tine. The
mechani smefficiently supports a variety of sinple high-1level spatia
machi ne nodel s, including a sinple nmesh machine, a reconfiguring
crystal lattice machine and a pyranid nachi ne.

Each processi ng node can have its own copy of various progranms. A
host conputer may be used to initialize and nodify this program

information, and to initiate synchroni zed execution of prograns. In a
system that includes a host computer, the node-resident prograns can
be viewed as a kind of micro-code. |If all nodes are progranmed

identically, then the hardware acts as a SIMD machi ne. Providing

m cro-coded control progranms resident within each node takes advant age
of high on-chip nenory bandwidth to allow full generality of
operations. There is no need to enbed a restricted virtual machine
nodel into each node as was done, for exanple, in CAM8. Such freedom
al so resolves conflicts between virtualization and the use of fast
hardware regi sters. Lattice sites nmay be updated in a "depth first"
manner, with a sequence of operations applied to each rowsized
site-aggregate before noving on to the next, and with each of the
sequence of row operations bringing together a different conbination



of bit-fields. Registers and tenporary nmenory storage nmay be used to
hol d intermedi ate results during each such sequence, and then freed
and reused for processing the next site-aggregate.

BRI EF DESCRI PTI ON OF THE DRAW NGS

FIG 1 is a representation of a spatial lattice conputer as a nesh
array of processing nodes, each processing node corresponding to an
equal -si zed sector of the spatial lattice.

FIG 2 is a block diagram of the processing node shown in FIG 1.

FIG 3 is a depiction of a two-di nensional (2D) exanple of a uniform
lattice data novenent (bit-plane shifting).

FIG 4 is a depiction of a partition of a one dinmensional (1D) sector
into groups of sites that are updated sinultaneously.

FIG 5 is a depiction of a 1D partition that is not shift invariant.
FIG 6 is a depiction of a data novenent process in which periodic
shifts within sectors are conposed into a uniformshift along a
lattice.

FIG 7 is a depiction of a balanced partition of a 2D sector

FIG 8 is a depiction of a partition of a 2D sector of unequa
di mensi ons.

FIG 9 is a block diagramof the functional units that nake up the
DRAM nodul e shown in FIG 2.

FIG 10 shows a sanple set of DRAM rows that are processed together
during a single row period.

FIG 11 is a block diagram of the processing el ement showmn in FIG 2,
illustrating hardware optim zed for SIM tabl e-1ookup processing.

FIG 12 is a block diagram of the shared | ookup table shown
in FIG 11.

FIG 13 is a block diagramof the LUT data unit shown in FIG 12.

FIGS. 14A and 14B are illustrations of a single-bit-field row data
format and a single-site-group row data format, respectively.



DETAI LED DESCRI PTI ON

Referring to FIG 1, a parallel conputation occurring in a physica
space 10 is emul ated by a nesh array of processing nodes 12. The
enul ated space 10 includes an n-di nensional spatial arrangenent of
|attice sites each associated with a data elenent (or structure),
which may vary fromsite to site. Both the structure of the lattice
and the structure of the data nay change with tinme. Each processing
node 12 in the nesh array corresponds to an equal -si zed sector of the
enul at ed space (or spatial lattice) 10. Together, the processing
nodes 12 perform parallel conputations, each acting on the lattice
data associated with its own sector of the emnul ated space 10.

As shown in FIG 1, each processing node 12 is connected to and
communi cates with its neighboring processing nodes in the nmesh array
by a nesh I/Ointerface 14. The nmesh I/O interface 14 provides
forty-eight single-bit differential-signal |inks that can be
apportioned anong up to six directions.

Referring to FIG 2, each processing node 12 includes a nenory 16
connected to a plurality of processing elements (PEs) 18. The menory
16 includes a plurality of DRAM nodul es 20. Data belonging to a given
sector may be stored in the menory 16 of the correspondi ng processing
node 12 or in an external nmenory associated with that processing node,
as will be described. Each processing node 12 sinultaneously
processes data associated with a plurality of lattice sites using the
processing elements 18. All of the processing nodes operate and
comuni cate in a synchroni zed and predetermn ned fashion in order to

i npl ement a spatially-regular lattice conputation. Preferably, for
performance reasons, the processing node 12 is inplemented as a

sem conductor chip. However, it could be inplenented as a discrete
design as wel |

Al'so included in the processing node 12 are the followi ng: a nmaster
menory interface 22 allowing the chip to access an external slave
menory via a first nmenory I/O bus 24; a slave nmenory interface 26

al l owi ng the processing node or chip 12 to be accessed as a nenory by
an external device via a second nenory |/O bus 28; and a controller
30. The controller 30 receives control informtion and data from
external devices via nenory interfaces 26 and 22 on nmenory interface
I/Olines 32 and 33, respectively, and over a serial |/0O bus 34.
During processing, the controller 30 also receives control information
at high bandwidth fromthe nmenory 16 through the PEs 18 over i nput
control lines 36 and distributes control information to the nenory 16
and PEs 18 over a control bus 37. Menory 16 is also read and witten
t hrough the PEs 18 over bidirectional data |ines 38 and nenory bus
lines 39. The PEs 18 communi cate with each other over a shared LUT
bus 40, as will be described. Details of the control bus signa

i nterconnections, as well as other control and cl ocking signals, have
been omitted for sinplification

Menmory Granul arity
The structure of the nmenory 16 i nmposes certain constraints on

ef ficient conputation. Perhaps the nost promnent are certain
granul arity constraints that determ ne which groups of nmenory bits



shoul d be used together. 1In the illustrated enbodi nent, the nmenory
(DRAM) bits on each processing node 12 are logically organi zed as 2D
arrays of storage elements which are read or witten on a
row-at-a-tine basis. For each block of DRAM it takes about the sanme
ampunt of tinme to read or wite all of the bits froma sequence of
rows as it does to access just a few bits fromeach row. For this
reason, conputations performed by the processing node 12 are organi zed
in such a way as to use all of the data fromeach row as that rowis
accessed. Simlarly, rows are divided up into smaller words, which
correspond to data units that are communicated to and fromthe menory
nmodul es 20. Conputations are organized to also use all of the bits of
each word as that word is read. Thus, the processing nodes 12 handl e
menory granularity constraints by organizing the menory and processing
hardware so that lattice data that are needed at the same tine can

al ways be stored together as a bit-aggregate in the nenory (i.e., a
word, a row, etc.) that is efficiently accessed as a unit. It will be
appreci ated that the techni ques described herein are quite general and
apply to other types of lattice conputation architectures having a

hi erarchy of nenory granularity constraints.

Dat a Movenent

Points in the enul ated space that have data associated with them are
called lattice sites. The structure of the data item associated with
each lattice site may vary fromsite to site and nay change with tine.
The structure of the lattice itself nmay also change with tinme. The
processi ng nodes 12 of the lattice processor array 10 use a spatia
conmuni cati on scheme to nove data within the enul ated space. The
spatial communication schene involves a uniformshifting of subsets of
|attice data. A set of honol ogous bits, one fromeach of a regularly
spaced subset of lattice sites, forns a bit-field. Each processing
node 12 perforns a data novenent operation separately on each bit-
field to shift the bit-field uniformy in space. Every bit in each
bit-field that is operated upon is shifted to a new position. Each
shifted bit is displaced by the same distance in the sanme direction

The above-described bit-field shifting concept nmay be nore clearly
understood with reference to FIGS. 3A-B. Referring to FIGS. 3A-B, an
exenpl ary 2-D square lattice 41 having two bit-fields 42a, 42b of

bits 44 is depicted. FIG 3A shows the bits before a shift is
performed and FIG 3B illustrates the sane bits after a shift has been
performed. One top bit-field bit 44a and a bottombit-field bit 44b
are shaded to highlight the effect of the shifting operation on bits
in the bit-fields 42a, 42b. As can be seen in FIG 3B, only the top
bit-field 42a shifts in this exanple. The shift of the top bit-field
42a brings together the two shaded bits 44a and 44b, both of which

bel onged to different lattice sites before the shift. It will be
noted that every simlar pair of bits that were initially separated by
the sane di splacenent as the two marked bits are al so brought together
by this shift.

If the square lattice 41 in FIGS. 3A-B represents an entire lattice,
then the shifted data that noves beyond the edge or boundary of the
| atti ce space waps around to the opposite side of the space. |If,
i nstead, the square lattice 41 represents only the sector of space
associated with a single processing node 12, then the shifted data



that crosses the edge of that sector is comrunicated to adjacent
processi ng nodes (i.e., processing nodes associated with adjacent
sectors), each of which is perform ng an identical shift. 1In this
manner, a seanm ess uniformshift across the entire lattice can be
achi eved.

Lattice Partitioning

After each novenent of data, the processing nodes 12 separately
process the data that land at each lattice site. Since each site is
processed i ndependently of every other site, processing of lattice
sites can potentially be done in any order and be divided up anpng
many or few processors. |In the enbodi nent described herein, each
processi ng node 12 has sixty-four (64) processing elenents 18, and so
updates 64 lattice sites at a tine. A set of lattice sites that are
updat ed sinmultaneously within a node is referred to as a site-group
Al lattice sites in a site-group are processed identically.

Referring to FIG 4, a one-dinensional (1D) sector 50 is partitioned
into a plurality of site-groups 52a-52d as shown. For clarity, the
figure depicts only 4 lattice sites to be updated at a time. FIG 5
illustrates an alternative site-group partitioning 54 of the sanme 1-D
sector 50 (FIG 4).

In the preferred enbodi nent, a site-group has the sane nunber of

el enents as a nmenory word. Therefore, the partition of a lattice into
site-groups induces a corresponding partition of bit-fields into
menory words: all of the bits of a bit-field that belong to the sane
site-group are stored together in the sane nenory word. |t can be
appreciated that, to process a site-group during an operation w thout
data bit-shifting, a desired set of bit-fields may be brought together
for processing by sinply addressing the appropriate set of nmenory

wor ds.

Periodic Shifts

For an entire space enulated by a single processing node only, bit
field shifts are periodic within a single sector. That is, shifted
data wraps around within the bit-field sector. The partition of the
lattice into site-groups remains fixed as the bit-fields are shifted.
If the partition of FIG 4 is used to divide the lattice up into
site-groups, and a bit field is shifted by sone anpunt, one observes a
very useful property: each set of bit-field bits grouped together into
a single site-group before the shift are still grouped into a single
site-group after the shift. Since these groups of bit-field bits are
stored together in nenory words associated with site-groups, shifts of
data sinply nove the contents of one nenory word into another. A
partition of lattice sites such as that of FIG 4 that is invariant in
its grouping of bits under all periodic bit-field shifts within a
sector may be described as a "shift invariant" lattice partition.

Equi valently, a shift-invariant partition can be characterized as a
pattern of grouping of lattice sites which isn't changed if the
pattern is shifted periodically. The partition of FIG 5 is an
exanple of a lattice partition that is not shift invariant.



For a shift invariant partition, spatial shifting of bit-field data
can be acconplished by nmenory addressing. To process a site-group
the processi ng node brings together associated portions of a

desi gnated set of shifted bit-fields by sinply addressing the
correspondi ng set of menory words. For each bit-field, and for any
shift, all of the shifted data needed for the site-group are accessed
together in a single menmory word, and all of the data in that nenory
word belong to the sane site-group.

Al t hough the grouping of bits into menory words is invariant under
bit-field shifts, the order of bits within words is not. Bits that
shift past one edge of the sector wap around to the opposite edge.
Assum ng that bits within words follow the order of lattice sites in
corresponding site-groups in FIG 4, waparound only results in a
rotation of the bit-order within each nenory word as it is accessed.

This bit-field shifting technique can be extended to additional |evels
of menory granularity. For exanple, in this enbodi nent nmenory words
are grouped into menmory rows, and entire rows must be processed
together for the sake of efficiency. Preferably, therefore,
site-groups of lattice sites are further grouped together or
aggregated into a set of larger site-aggregates that also forma
shift-invariant partition of the lattice. As an exanple of site-group
aggregation, and referring once again to FIG 4, if the first and
third site-groups (52a and 52c, respectively) are conbined to forma

| arger site-aggregate, and the second and fourth site-groups (52b and
52d, respectively) conmbined to form another |arger site-aggregate,
then the resulting set of larger site-aggregates also forms a
shift-invariant partition of the lattice. Consequently, the same sets
of bits fromeach bit-field are grouped together by the |arger
site-aggregates both before and after any bit-field shifts. [If the

| arger site-aggregate is the size of a DRAMrow, then all of the words
of a bit-field that belong to the constituent site-groups can be
stored together in the same DRAMrow. Wth this data organization, to
bring together shifted data fromsone set of bit-fields for a
row si zed site-aggregate, the processing node 12 sinply addresses the
set of rows that contain the shifted data. As it processes each
constituent site-group in turn, the processing node addresses only
words within this set of rows. This technique can be applied to
further levels of nenory granularity.

Not e that above, in defining a shift-invariant partition of the
lattice, it has been assuned that the spatial structure of the lattice
is uni formand unchanging. A spatial translation of a bit-field that
noves one of the bit-field bits fromone lattice site to another is
assuned to nove all of the bit-field bits to new lattice sites. More
general schenmes can be constructed by superinmposi ng and coupling
several spatially-uniformenulated |lattices, as is discussed in the
section, "Virtual Machine Mdels”. Here, it will be assumed that the
lattice is uniformand unchangi ng.

Conposite Shifts
Consi der now a 1D |l attice divided anpbngst a 1D array of processing

nodes. The shifting of bit-fields uniformy along the lattice is
acconpl i shed by a conbination of periodic shifts within each lattice



sector and comuni cati on between processing nodes.

Referring to FIG 6, three adjacent |attice sectors 60, 62, and 64,
each having two bit-fields 60a-60b, 62a-b and 64a-b, respectively, are
shown. The sectors 60, 62, 64 are illustrated as having the top
bit-field 60a, 62a, 64a, respectively, shifted to the right. The
portion of the top bit field that spills past the edge of each sector
is labeled A, B and C, for the top bit-fields 60a, 62a and 64a,
respectively. Where this data is placed by a periodic shift within

the sector is indicated with a matching label. The location in which
the protrudi ng data belongs as a result of a uniformshift is
indicated with an arrow. It will be recognized that the uniformshift

is acconplished by sinply substituting the bits of periodically
shifted data that wrap around past the edge of one sector (the w apped
bits) for the wapped bits within the next adjacent sector

Therefore, bits replace corresponding bits. 1In other words, a uniform
shift transfers bits to the same relative positions within a sector as
a sanme-sized periodic shift. A uniformshift nmerely places the
wrapped bits in the appropriate sector

In the described embodi nent, all processing nodes 12 operate
synchronously, each acting on an identically structured sector of
lattice data, with each processing the sane site-group at the sane
time. Periodically shifted site data for a designated set of
bit-fields and for a designated site-group are assenbl ed by addressing
the appropri ate DRAM words and rotati ng each word (as needed), in the
manner descri bed above. Bits of data that wap around the edge of a
sector are comunicated to an adjacent sector, where they replace the
corresponding (wapped) bits in the site-group being processed in that
adj acent sector. In this manner, exactly the data that are needed for
the set of correspondi ng site-groups being processed by the various
nodes are read from DRAM

After the data novenent is conpleted, each lattice site is updated

i ndependently and the bit-fields that constitute each updated
site-group are witten to DRAM Thus, all bits that are read from
menory are used inmediately and returned to menory. Sinmilarly, the
processi ng node 12 can alternatively (or also) performshifts of the
bit-fields after the updating (processing) operation, using the
addressing of where data is witten to performthe periodic portion of
the shifts.

Shifting in 2D and 3D

A menory organi zati on based on shift-invariant partitioning of lattice
sectors is also effective in nmulti-dinmensional applications.

Referring to FIG 7, an exemplary square 2D sector 70 (shown as a
16x16 lattice) is partitioned into sixty-four four-elenent site-groups

72, of which four -- a first site-group 72a, a second site-group 72b
a ninth site-group 72i and a tenth site-group 72j -- are shown. The
first site-group 72a is spread evenly along a diagonal. The other 63

site-groups, including the site-groups 72b, 72i and 72] are periodic
transl ati ons of the diagonal pattern. Thus, these site-groups
denonstrate the property of a shift-invariant partition. That is, al
sets of bit-field bits that are grouped together before a shift are

al so grouped together after the shift. Assuming that bits are ordered



vertically within words, that is, the first bit belongs to the
uppernost lattice site in a site group, and so on fromtop to bottom
it can be seen that purely horizontal periodic shifts of bit-fields do
not change which bits are grouped together into words or the bit order
(within words). Purely vertical periodic shifts nmay rotate the bits
within a word. Thus, once again, any periodically shifted data for a
designated set of bit-fields and for a designated site-group can be
assenbl ed by reading the appropriate shifted data, and rotating the
bits within the words which require bit re-ordering. By constructing
a set of larger site-aggregates out of the site-groups in a
shift-invariant fashion (as described above), a processing node can
process entire rows at a time, processing each constituent site-group
in turn.

Periodically shifted bit-fields within each 2D sector can be gl ued
together into unifornmy shifted bit-fields that slide seanl essly al ong
the conposite space. As was descri bed above with reference to 1D
sectors, wapped data from one sector replaces corresponding bits in
an adj acent sector. This substitution is perfornmed one dinmension at a
time. The processing node takes data that has w apped around

hori zontally and noves it to the adjacent sector where it bel ongs.

The now horizontally-correct data is then shifted vertically by noving
data that has wapped around vertically into the adjacent sector where
it belongs. The net effect of this two-hop process may be to

communi cate data to a diagonally adjacent sector, even though the
processi ng nodes only comunicate directly with their nearest

nei ghbors.

The above-descri bed techni que applies equally well to 3D. Consider
for example, a bit-field sector in which one site-group is evenly
spaced al ong the diagonal of a cube and the other site-groups are
periodic shifts of the diagonal pattern. Assunming that the bits
within the words are nunbered fromtop (of the cube) to bottom the
side-to-side and front-to-back periodic shifts of bit-fields do not
change the order of bits within a word. Once again, vertical periodic
shifts merely rotate the bit order within a word. Thus, a periodic
bit-field shift can always be acconplished by addressing plus a
rotation of bits within a word. A uniformshift can be achieved

t hrough periodic shifts and inter-node conmuni cati ons.

Bal anci ng Communi cati on Denmands

Returning to FIG 4, it can be seen that each site-group has exactly
one lattice site within four positions of the edge of the sector, two
wi thin eight positions, and so forth. Consequently, a bit-field can
be shifted by four positions by communicating exactly one bit to an
adj acent sector for each DRAM word. To shift by eight-positions
requi res a conmunication of two bits. 1In 1D, this even spacing of
site-groups is an automatic by-product of shift invariance and
guarantees that, for a given shift anmount, the demand for inter-node
communi cation resources is divided as evenly as possi bl e between the
various words of a bit-field.

Again referring to the 2D exanple of FIG 7, it is |likew se noted that
each site-group has exactly one lattice site within four positions
from each edge of the sector, two within eight, and so on



Consequently, the comrunication resources needed to inplenment a shift
of a bit-field are as bal anced as possi ble between the various words
of the bit-field. Because not all shift-invariant partitions in 2-D
have this additional balanced property, it is desirable to choose
partitions which do so that communi cati on resources are used as
efficiently as possible. 1In 3D, the periodically shifted diagona
site-groups di scussed above al so have this bal anced property.

Consider now a bit-field sector having edges of unequal |engths.
Sector size is selected to be a power of two along each dinmension. In
the 2D exanple shown in FIG 8, the horizontal dinmension is tw ce as
long as the vertical dinension. |In the exanple, the elenments of each
site group are spread out twi ce as nmuch horizontally as vertically.
One site-group still runs "diagonally" fromcorner to corner, and the
rest are still periodic shifts of this diagonal pattern. Wth this
partition, communication demands for each dinension will be as

bal anced as is possible. In the illustrated exanple, a given shift
anount woul d require about twice the comrunication resources per word
for a given vertical shift along the lattice as for the sane

hori zontal shift, since sites in each site-group are twi ce as cl ose
toget her vertically. This disparity in comunications is, however,
unavoi dable in this case. The sector of the bit-field has a

hori zontal edge that is twice as |long as the vertical edge, and so
overall twice as many bits "spill over the edge" for a given vertica
shift as for the sane horizontal shift.

DRAM Modul e

In the descri bed enbodi nent, each DRAM nodul e 20 incl udes the
circuitry needed to read or wite 64-bit words of uniformy shifting
bit-field data using the scheme descri bed above. Referring nowto
FIG 9, the conponents of the DRAM nodul e 20 are shown. The DRAM
nodul e 20 i ncl udes a DRAM bl ock 80, which is inplemented as a DRAM
macro of the sort that is currently available as a predefined bl ock of
circuitry from manufacturers of chips having integrated DRAM and | ogic
functionality. The DRAM bl ock 80 is organized as 1K rows, each of

whi ch holds 2K bits, with a 128 bit data word. |If all of one rowis
used while another rowis activated, a new data word can be accessed
every 6ns. To reduce wiring and to better match with | ogi c speeds, a
64-bit data word with a 3ns clock period is used instead. This rate
conversion is acconplished by a 128:64 nultiplexer 82, which connects
a 64-bit data path to a selected half of the 128-bit DRAM bl ock data
word during each clock cycle. The nultiplexer 82 provides an added

| evel of nenory granularity, as both halves of each 128-bit word nust
be used for mexinmum efficiency. This constraint is dealt with in the
dat a organi zation by adding one nore level to the site grouping

hi erarchy descri bed above. In a simlar manner, additional levels in
which the word-size is cut in half could be added if additional rate
conversion was desired. Beyond the nultiplexer 82, and thus for the
remai nder of the operations perforned by the processing node 12

(FIG 2), the basic nenory word size is taken to be 64 bits.

Coupled to the output of the nmultiplexer 82 is a 64-bit barrel rotator
(or shifter) 84, which can shift a menory word fromO to 63 positions
(with waparound) in one clock period. This rotation, together with
word addressing, allows the processing node to shift any bit-field



periodically within a sector.

Additional flexibility can be obtained by using a butterfly network in
pl ace of the barrel shifter, as is discussed under "Additiona
Features."

Mesh 1/ O

Connected to the output of the barrel shifter 84 is a mesh 1/O unit
86. The nesh /O unit 86 perforns substitutions of bits in one
processi ng node for corresponding bits in another processing node to
turn periodic bit-field shifts within each node into uniformlattice
shifts. In the illustrated enbodi nent, each processi ng node has
sufficient 1/O resources to send and receive up to 8 bits per clock
al ong each of the three axes of a 3D cubic lattice; however, this
nunber could be nmade | arger or smaller. Because of the manner in
which bit-field shifts are inplenmented, any bit that is transferred
out of the processing node by the mesh [/O unit 86 in one direction is
replaced with a bit that arrives at the nmesh [/Ounit 86 fromthe
opposite direction. Thus, [/O bit-streanms for opposite directions
along the lattice are configured in pairs. As shown in the figure,
the 24-bit mesh I/O bit-stream consists of a 24-bit mesh 1/0O unit
input 88 and a 24-bit mesh I/O unit output 90. When an input 88 is
configured to replace a bit, the bit to be replaced appears at the
correspondi ng output 90. O herw se, the output 90 has a constant

val ue of zero. The 48 nesh-1/O signals 14 (FIG 2) for the chip thus
consi st of 24 inputs which are distributed to all mesh 1/O units, and
24 out puts which are constructed by taking the |ogical OR of al
correspondi ng nmesh-1/0 unit outputs.

Mesh commruni cation resources are shared anong all of the DRAM nodul es.
Each DRAM nodul e deals with only one word at a tine, and all of the
bits in each word belong to a single bit-field which my be shifted.
There is no fixed assignnment of 1/O resources to particul ar DRAM

nodul es. How far a given bit-field can be shifted in one step depends
on competition for resources anong all the nodules. |In the described
enbodi ment, sufficient comunications resources are provided to

simul taneously shift 8 bit-fields, each by up to the distance between
two el ements of a site-group, with each bit-field shifting along al
three orthogonal dinmensions at the sane tinme. The actual nmaxi num size
of these shifts in units of lattice positions depends upon the size of
the sector, which is what determ nes the site-group spacing. Wth the
same communi cation resources, four bit-fields can be shifted up to
twice as far, two bit-fields four tinmes as far, or one bit-field eight
times as far.

Bits that are to be replaced in one node are output through the mesh
/O unit 86 onto the nesh I/Ointerface 14 (FIGS. 1-2) to be received
by a nesh I/O unit in another node, where the received bits are used
to replace the corresponding bits that were output fromthat node, as
earlier described. Mesh signals are reclocked after each traversal of
a mesh link 14, and a single bit can hop along each of the three

di mensions in turn as part of a single shift operation, thereby
allowing the bit-field shifts to be in arbitrary directions in 3D

If the processing nodes are interconnected as a 1D or 2D array, the
mesh 1/ O resources fromthe unused di mensions are reassigned to active



di mensi ons.

The Processing El enent

After all bit substitutions have been made, the output fromthe DRAM
nodul e 20 on a 64-bit data bus 92 is a 64 bit word of correctly
shifted bit-field data that is available as input data for the
processing elenments 18. As shown in FIG 2, the processi ng node 12

i ncludes twenty of the DRAM nodul es 20. This nunber of nodules is a
practical number which can reasonably be fit onto a sem conductor chip
today. Using twenty DRAM nodul es, the processing node can potentially
process up to 20 bits of shifted bit-field data for each of 64 lattice
sites at atine, as illustrated in the nenory access exanple 94 of

FI G 10.

Referring to FIG 10, rows of words accessed sinmultaneously 95 (in
each of twenty DRAM nodul es 20 of FIG 2) are shown. The first word
96a accessed in each DRAM nmodule 20 is shown on the left, the second
word 96b is shown on the right. It will be understood that for a DRAM
row of 32 64-bit nenory words, all 32 words of each row are processed
as a unit, all 32 being either read or witten. For sinplicity,
however, only two words of each row are depicted. The order in which
the various words are accessed depends upon the various shifts of the
associated bit-fields that are being perforned, as was descri bed
earlier. Some of the twenty DRAM rows 95 that are sinultaneously
accessed nmay contain non-bit-field data. For exanple, one of the rows
may contain data which controls which set of DRAMrows wi |l be
processed next, and how they will be processed.

Groups of twenty words (e.g., 96a or 96b) are accessed simnmultaneously.
Of these twenty words 95, those that contain bit-field data that are
to be used together all are associated with the sane set of 64 lattice
sites: the sanme site-group. FIG 10 illustrates that groups of
corresponding bits from each sinultaneous word (e.g., 97 or 98) are
handl ed by individual PEs (e.g., PEO or PE63). Each PE processes
bit-field data fromone |lattice site at a tine.

A wide variety of different processing elenents, with or wthout
persistent internal state, are conpatible with the

menory/ comruni cati ons organi zation used in this design. In FIG 11
the processing elenent 18 (FIG 2) is illustrated as a PE well suited
to symbolic processing of lattice data. As shown, a 20-bit
menory-to-PE interface 100 connects each PE 18 to the twenty DRAM
nodul es 20. Each PE 18 receives a bit-line fromeach of the DRAM
nmodul es 20 and all of the twenty bit lines in the interface 100 for a
particular PE 18 correspond to the same bit position within a DRAM
word. Sonme of the lines are used as inputs and sone are used as
outputs. The direction of data fl ow depends upon how t he DRAM nodul es
have been configured for the current set of rows that are being
processed.

The PE 18 includes a pernmuter 102, which attaches each of the 20
bit-lines fromthe nenory 16 to any of 20 functional |ines inside the
PE. The permuter 102 is a reconfigurable switching device which
produces a conpl ete one-to-one mapping of bit-lines fromtwo separate
sets of lines (i.e., the nenory nodul e side and internal PE side)



based on configuration information supplied by the controller 30
(FIG 2). The pernmuters 102 in each PE 18 are configured identically
at any given tine. 1In each PE 18, 9 inputs are dedicated to data
comng froma set of bit-fields, 8 outputs are dedicated to data
going to a different set of bit-fields, one input is dedicated to
program control information that is sent to the controller 30, one

i nput carries |ookup table data to be used for later processing, and
the remaining wire is involved in |I/O operations to and fromthe
menory 16. The pernuter allows data from any DRAM nodul e to play any
rol e.

Bit-field data flows through the processing elenents. Input data
arrive fromone set of DRAM nodul es and results are deposited into a
different set of DRAM nodules. Since entire DRAM rows are processed
at a tine, a given choice of DRAM data directions, nesh I/O

communi cation paths and PE pernuter settings |lasts at |east 32 cl ocks
(the tine it takes to access all 32 64-bit words of a given 2 Kbit
row). The amount of tinme required to process one set of DRAM rows is
referred to as a row period.

Tabl e Lookup Processing

The basic data-transform ng operation within each PE 18 is perforned
by a | ookup table (LUT) 104 with 8-inputs and 8-outputs. All LUTs

104 in all of the PEs use identical table data. Each LUT 104 perfornms
i ndependent 8-bit |ookups into the shared data. Eight input bits 106
fromsome lattice site are transforned by the LUT 104 into 8 new
output bits 108, which are deposited into a different set of
bit-fields than the input bits 106 came from A ninth input bit is
used as a conditional bit 110. This ninth bit (together with gl oba
control information) determ nes whether or not the LUT 104 shoul d be
bypassed within the PE. Wen not bypassed, the 8-bit LUT output 108
becomes the 8-hbit PE output 112. \Wen bypassed, the 8-bit LUT out put
108 of the LUT 104 is ignored and the input bits 106 becone the PE
output 112. As shown in the figure, the conditional bit operates as a
select for a LUT MUX 114, which receives as inputs the input bits 106
and the 8-bit LUT output 108 and, based on the state of the
conditional bit 110, selects one of these inputs as the PE output 112.
Larger LUTs (i.e., LUTs with nore inputs) can be efficiently simulated
by using a sequence of smaller LUTs in conjunction with the
conditional bit 110. Using a sequence of data novenents and LUTs, any
calculation on a regular spatial lattice can be perforned.

During each update of a site-group, all of the PEs 18 operate in the
same manner. Each works on the sanme set of bit-fields and sees the
data for a particular lattice site. They each transformtheir
respective data in the same manner, using the same LUT 104. The LUT
104 has 256 8-bit entries, specified by a total of 2 Kbits of data
copied froma single DRAMrow. During each row period, one DRAM
nodul e is selected to provide a row of data for use as the LUT 104
during the next rowperiod. The data arrives as 32 64-bit words, with
one bit of each word entering each PE through a next-LUT input 122
during each of 32 clocks. The data is double buffered, so at any
given time, each PE stores 32 bits of current LUT data and 32 bits of
next - LUT data. Each of the 64 PEs broadcasts its current 32 bits of
LUT data onto a separate portion of the 2K-bit LUT bus 40, and all of



the PEs share the data on the LUT bus 40, each using a multiplexer to
perform 8-i nput/8-output | ookups with these 2K shared bits.

Referring to FIG 12, the conposition of the LUT 104 is shown. The 8
bits of LUT input data 106 control a 256x8 to 8 multiplexer 130, which
selects 8 bits of data fromthe LUT bus 40. The LUT 104 further

i ncludes a LUT data unit 132, which holds 64 bits of LUT data. The
LUT data unit 132 is illustrated in nore detail in FIG 13.

Referring to FIG 13, the LUT data unit 132 includes a 32 bit shift
regi ster 140 for |oading a sequence of 32 next-LUT data bits 122 on
consecutive clocks of the rowperiod, and a 32 bit latch 142 which can
latch 32 bits in parallel fromshift register 140 and drive them onto
32 distinct wires of the 2 Kbit wide LUT bus 40. New data is serially
accunul ated in the shift register 140 while previous data is being
driven onto the LUT bus 40. Thus all LUT data can be changed as often
as every rowperiod. Both the serial |oading of next-LUT data 122

and the parallel |oading of current-LUT data 134 are separately
controlled during each rowperiod (with shared control for all PEs).
Not e that when LUT data on the LUT bus 40 is changed, other data paths
to the menmory 20 and the nmesh 1/0O 14 are normally al so changed. Data
on the LUT bus 40 remni ns constant for at |east one row-period before
it is again changed.

In addition to allowi ng the LUT 104 to be changed for every

row period, the above-described schene al so provides a | arge | ookup
tabl e shared by all PEs that can be quickly filled with a row of
bit-field data. When used in this manner, all lattice sites in the
same sector can randomy access the set of lattice site data contained
in the LUT 104. This provides a non-local conmmunications mechani sm

A simlar operation is also very useful for data reformatting. A row
of bit-field data to be reformatted is stored into the LUT. A set of
predefi ned constant rows of data are then used as LUT inputs in order
to pernmute this data within a row (or even between rows) in any
desired manner. This kind of operation can be nade nore efficient if,
in addition to an 8-input/8-output LUT, the sane 2 Kbits of table data
can also alternatively be used as an 11-input/1-output LUT. Since
this only uses a total of 12 wires, whereas an 8-i nput/8-output LUT
uses 16, there are 4 unused LUT wires in this case. These can be
usefully assigned as output wires, containing additional copies of the
singl e output value. The conditional bit 110 can still be used in the
11-input/1-output case. It sinply replaces the single output bit of
the LUT with one of the inputs.

Serial Arithnetic

An inmportant application of lattice conputation is nunerica
processing. Integer addition and subtraction can be perforned
efficiently using the LUT nechani sm descri bed above, but

mul tiplication and division (as well as floating point operations, and
transcendental functions) would be rather slow. To nultiply two k-bit
i ntegers using only LUTs, the processing node 12 needs to pass each
bit of each nunmber in and out of DRAM approximately k times. Wth the
addition of sinple bit-serial arithmetic hardware, which includes data
registers within the PEs, these operations can be performed with only
a single pass through DRAM wusing the full nmenory bandw dt h.



Bit-serial processing is also fully conpatible with the site-group
shifting nechanism and allows econom cal register use with
time-nultiplexed PEs. Bit-serial arithnmetic hardware receives the
bits of the nunbers it operates on sequentially. For exanple, to
multiply two unsigned integers, the bits of the nultiplicand m ght
first be sent into the serial nmultiplication unit, one bit at a tine.
Then the bits of the multiplier would be sent in one at a tineg,
starting with the least significant bit (Isb). As the multiplier bits
enter the nultiplication unit, bits of the product |eave the
multiplication unit. The hardware inside the nmultiplication unit is
very sinple. It includes a register |arge enough to hold the

mul ti plicand, an accumul ator register of the sanme size that can shift
by one position at a tine, and an adder that can conditionally add the
nmul tiplicand into the accunmul ator, depending on the val ue of the
current multiplier bit. Wen no additional multiplier bits remain, a
new mul ti plicand can be loaded in while the final bits of the product
are leaving. Division uses essentially the sanme hardware, and

al gorithms for common transcendental functions are known which use
sim |l ar hardware.

To map such a numerical processing algorithmonto the

enbodi nent heretofore described, integer data is stored together

in DRAM rows, and serial arithmetic hardware is added to each PE

An appropriate data format for serial arithmetic is to have single
DRAM rows hol d data corresponding to many different bit fields for the
same set of lattice sites. For exanple, one word of a row could
contain the Isb of a 32-bit integer present at each of 64 lattice
sites (i.e., the Isb bit-field for a site-group). Oher words within
the row woul d contain each of the other bit-fields for the sane
site-group of integers. An exenplary data format for seria
arithmetic is illustrated in FIG 14B.

Referring to FIG 14A, in a single-bit-field (per row) data fornmat
160, all words 161 in a given DRAM row contain data bel onging to the
same bit-field. Each word 161 contains data froma different
site-group. Taken together, these words forma | arger site-aggregate.
Referring to FIG 14B, in a single site-group (per row) data format
(or, nunerical row format) 162, all words contain data fromthe sane
site-group, with each word belonging to a different bit-field. If
these words are read starting with the I sb-word 164 and proceeding in
order of bit significance to the msb-word 166, then each PE sees the

consecutive bits of an integer -- for exanple, PEO sees consecutive
bits of one integer 168 and PE63 sees consecutive bits of another
i nteger 170 -- in successive clocks, which is exactly the kind of

format needed by serial arithnetic algorithns. Reading these words in
ot her orders yields other useful serial bit orderings. A number of
DRAM rows bel onging to the same site-group of lattice sites may al so
be processed before noving on to the next site-group. In this way,
data can remain in PE registers during sequences of operations.

The single site-group per row data format 162 (FIG  14B) puts
site-groups of 32-bit integers together into single DRAM rows. By
addressing the appropriate set of rows, shifted i nteger data can be
brought together for a given site-group. Since each DRAM word is the
portion of a bit-field belonging to this site-group, the rotation and
inter-chip bit substitution hardware of FIG 9 is perfectly suited to



conplete the shift of integer bit-field data seamnl essly, exactly as
described earlier. Data can also be quickly converted back and forth
bet ween single site-group per row format 162 and the single-bit-field
per row format 160 (FI G 14A) as necessary, using the LUT-based PE of
FIG 11. |If the controller 30 is able to change the order of the LUT
i nputs at each clock (e.g., the pernmuter is a Benes network, and the
controller changes the bhits controlling the final butterfly involving
the LUT inputs), then this format conversion only requires each bit of
each nunber to pass through the PEs twice. |f about 100 bits of
storage is available within each bit-serial arithmetic processor, this
conversion can be done in a single pass. Moreover, since nunbers will
nostly be handled arithnetically, such conversion shouldn't need to be
done frequently.

Si ngl e-i nput and single-output bit-serial arithnetic hardware can be
integrated with the LUT based PE of FIG 11. For exanple, eight
copi es of such serial hardware (with a total of eight inputs and eight
out puts) could be configured by the controller 30 to replace the

mul ti pl exer 130 of FIG 12, taking inputs 106 and transfornming them
into outputs 108. Al serial units in all PEs would share a common
configuration/control stream Next-LUT data 122, |/O data 38, and
control data 36 would all pass through the PE as usual. The shared
LUT data on the LUT bus 40 would be available for use by the
arithnmetic hardware. This shared LUT could contain, for exanple,
function tables used by CORDIC algorithns. Note that this bit-seria
arithnetic processing approach would al so work efficiently in a chip
architecture with very few DRAM nodul es coupled to each set of PEs.

Ext ernal Menory

Provi ding the processing nodes 12 with access to external nenory nakes
it possible to performlarge conmputations using small arrays of nodes.
Even on | arge arrays of nodes, the useful ness of calculations
(particularly in 3 or nore dinensions) my depend crucially on how
large a lattice can be ermul ated. External nmenory is also useful for
hol di ng extra | ookup table data and other control information, and for
accunul ati ng anal ysis information.

As shown in the processing node 12 of FIG 2, the master nenory
interface 22 serves as a high-speed interface to a (potentially |arge)
external nmenory associated with each node. Comunication between
external nenory and the DRAM nodul es 20 passes through the PE |/ O port
38 (FIG 11). External nenory can be regarded as an additional |eve
in the nenory granularity hierarchy discussed earlier. |In order to
enul ate a very large lattice, each processi ng node can keep nobst of
its sector data in external nmenory. This sector is partitioned in a
shift-invariant manner into external site-aggregates, each consisting
of the nunmber of lattice sites that will be accessed together in the
external nenory. For a particular set of bit-field shifts, the update
operation that is to be applied to the entire lattice can be perforned
on each external site-aggregate separately. Periodically shifted data
for a particular external site-aggregate can be read into on-chip
menory, processed, and then witten back to external nmenory. |f the
updat e operation involves lattice sites with many bit-fields, sonme of
whi ch nust be accessed nultiple tinmes in the course of the update,
then conpletely processing one external site aggregate before noving



on to the next may save a significant amount of tinme (since keeping
the data on-chip greatly speeds up the repeated accesses).

Note that, for arithmetic operations, the single site-group per row
data format 162 di scussed earlier nmakes it possible to have each DRAM
row filled with data fromjust 64 lattice sites. This can nake it
convenient to performnunerical conputations in which very large data
obj ects are kept at each lattice site, and only a very small part of
the lattice is on-chip at any given tine.

Sinplifying the Shifting

Shifting hardware and control can be sinplified if sonme mld
constraints are placed on the way that sites can be aggregated.

As has been described, a hierarchy of shift-invariant partitions is
used to aggregate lattice sites that are processed together, and
bit-field data are structured as a correspondi ng hierarchy of
bit-aggregates in the menory. Shifting is performed hierarchicaly.
Shifted bit-field data for a |largest site-aggregate is accessed by
addressing a largest bit-aggregate associated with a correspondi ngly
shifted | argest site-aggregate, and then perform ng any renaining
shift on the addressed data. This remaining shift only involves data
within the largest bit-aggregate, and is perfornmed by a recursive
application of the same technique of splitting the shift into a part
that can be perforned by addressing, and a part that is restricted to
smal | er site-aggregates.

Shifting can be sinplified if the site-aggregates that are grouped
together to forma |larger aggregate are all related by a translation
along a single direction. For exanple, the first 16 site-groups of
the partition illustrated in FIG 7 are all horizontal shifts of each
other, and so could formsuch a single-direction site-aggregate. The
vertical shifts of such a site-aggregate would form ot her
single-direction site-aggregates, which together would constitute a
shift-invariant partition of the lattice. The site-groups that form
each aggregate are naturally ordered sequentially along the
aggregation direction. |If the corresponding words of a bit-field are
simlarly ordered, then periodic shifts along this direction only
involve a rotation of this ordering. A particularly sinple exanple of
single-direction aggregation is the grouping of individual sites into
the striped site-groups shown in FIG 7. As already discussed, in
performng bit-field shifts only a rotator is needed to reorder the
bits within words.

If this single aggregation-direction constraint is observed at the

| owest | evels of aggregation, then both the control and the hardware
can be sinplified, since only address rotations are needed to perform
shifts at these levels. Furthernore, it is sonetines the case (as in
the first exanple above) that shifts along the aggregation direction
can be acconplished by addressing al one, without need for any further
shifting within each addressed bit-aggregate. The use of such
aggregates allows the additional sinplification that all elenments of
such an aggregate can be processed using identical periodic shifts.

It is assuned that DRAM row data have this property, so that all words
in aroware rotated identically.



Contro

G ven a high rate of access to lattice data, conplex processing
requires a concomtantly high rate of access to control information.
Since a rowperiod is the atomc unit of processing, for nmaxi num
flexibility a significant anmount of control information will be
associated with each rowperiod. As has been described, 1/20 of the
menory bandwi dth has been devoted to ensuring that a different LUT can
be used for each row period. Another 1/20 of the menory bandwidth is
devoted to ensuring that other control information can be changed for
each row peri od.

As can be seen in FIG 11, during each row period, one of the DRAM
nodul es attached to each PE provides control information via contro
output 36. \While one set of DRAM rows are being processed, 2 Kbits of
data are accunulated within the controller 30 (FIG 2) for controlling
the next row-period via control stream 37. This data includes the
next row address to be used by each of the DRAM nodul es 20,

i nformati on about the order in which words within rows should be
accessed for each DRAM nodul e, information about word rotations for
controlling the barrel shifter 84 (FIG 9) and the nesh I/Ounit 86,
the common setting to be used for all pernuters 102 (FIG 11) and

ot her PE configuration data, information about which DRAM nodul e wil |
be connected via I/O 38 to external nenory through RDRAM naster 24
(FIG 2) or RDRAM sl ave 28, etc. The 2Kbits of control data can be
viewed as a single nmicrocode instruction. Provisions are nade for
encodi ng a sequence of simlar operations on a group of consecutive
rows within each DRAM nodule 20 as a single instruction in order to
reduce the nmenory used for instruction storage.

In addition to the internal control stream 37, control and
initialization data al so pass through external 1/O interfaces 28 and
34 (FIG 2). These I/O channels are used for initializing nmenory
contents and for real-tinme control and feedback. |Instruction data are
stored within the nenory nodul es 20 of each node, and function as a
set of microprograns. Execution of the current m croprogram and
schedul i ng of the next are overl apped: data are broadcast to al
processi ng nodes about which 2Kbit mcrocode instruction to execute
when the current mcroprogramfinishes (or reaches a schedul ed
decision point). In a single-node system the external control that
schedul es the sequence of mcroprograns to run cones froma
conventional mcroprocessor and is nmenory nmapped using the slave
menory interface 26 shown in FIG 2. In a larger system nmenory
mapped m croprogram scheduling data cone into a single distinguished
node via the slave interface 26 and are passed along to the rest of
the systemvia the serial-1/Ointerface 34. Serial-1/0 pipeline

del ays are conpensated for within each node separately when nodes are
initiating (or termnating) a synchronous parallel operation

Low bandwi dth data-1/0O (including initial program/|oading into al
nodes) can also use the serial-1/Ointerface 34.

For hi gher bandwi dth external-1/Q, data is accessed through the slave
interface 26 of the distingui shed node, and the DRAM on this node is
menory mapped. Any data anywhere in the array of nodes can be shifted
(under mcroprogramcontrol) through the nmesh I/O interface 14, so



that it becones accessible within the distinguished node. Data that
is common to all nodes (or any subset of nodes) can be witten once,

and then rapidly distributed under mcroprogramcontrol. This kind of
data broadcast is inportant for distributing programdata to al
nodes. It is also useful in setting up |arge physical sinulations,

which often have initial states that are characterized statistically
and algorithmcally as a function of spatial |ocation. Even conplex
surfaces can be described in a conpressed, encoded format, which is

| at er expanded algorithmically within the nodes. By witing the sane
sectors of data to many nodes, nodifying small portions of the data,
and perform ng sone |ocal conputation within each node, many physica
simul ati ons can be initialized without transferring | arge anmounts of
data. For loading or saving |large data sets in parallel, all of the
nodes can perform |/ O through their respective master nenory
interfaces 24. |In addition to RDRAM nenory, |arge disk devices with
direct RDRAM interfaces can al so be connected here and, anticipating
FPGA's with RDRAM i nterfaces, other high-bandwi dth circuitry can be
i nterfaced here.

Condi tional operations can be perfornmed which depend upon lattice
data. Each conditional operation involves using serial-I/O interface
34 to communi cate a request to all other nodes, which may subsequently
at a suitable decision point sinmultaneously initiate a new

m croprogram -- wi thout the intervention of an externa

m croprocessor. Sone control |atency can be hidden by specul ative
execution. The next microprogramis started at the decision point
assum ng no new programw || be scheduled. This programis witten in
a manner that avoids overwiting current lattice state information as
new state information is generated, at |east until enough tine has
passed that it is known that no new programw || be schedul ed. Such
execution can be interrupted if necessary, and a new m croprogram
started that ignores the partially conpleted new |attice state data.

In a single-chip enbedded system a nonvolatile nenory such as a

serial ROM can be connected to serial I/Oline 34 to provide
initialization data, nmaking it possible to avoid the use of a

m croprocessor altogether. Controller status information and DRAM I/ O
data 38 (FIG 11) may be placed on the serial-1/O interface 34 under

program control. This data can be decoded by external logic to
produce signals that interface with external circuitry (eg., interrupt
signals for a microprocessor). It mght be convenient to have a

si nmpl e conventional processor on-chip nmanaging the serial-1/0
interface 34, thereby making its protocols flexible and extendible.
Such an on-chip processor could also be useful in system
initialization.

Virtual Machi ne Model s

The foregoing efficiently supports a wide variety of virtual nmachine
nodel s. The sinplest of these is a fixed-lattice machi ne having
uniformbit-field data novenment. Another supported nodel is the
multi-resolution machine: a fixed lattice nmachine in which sonme
bit-fields are represented with | ess resolution than others. This

ki nd of nmodel can be inplenented by reusing the same bit-field data at
several different nearby-shifted positions, rather than keeping
separate data for all lattice sites. |If the |ower resolution data is



not changed during site updating, then the processing renmins
equivalent to a sinultaneous updating of all sites. If the |ower
resolution bits are changed, then their values at the end of each
update of the lattice will depend upon the order in which they are
paired with other lattice bits.

A related nodel is the nmulti-grid machine, in which power-of-two
subsets of lattice data interact nore often and at greater range than
other lattice data. For exanple, an entire 2D lattice mght first be
updat ed usi ng a nearest neighbor interaction, then only sites with
coordi nates that are both even woul d be updated, using a second

nei ghbor interaction along each axis, then only sites with coordi nates
that are nmultiples of four using a fourth neighbor interaction, etc.
This kind of technique is sometinmes used to speed up nunerical lattice
simul ati ons. Here, each power-of-two subset is an elenent of a
shift-invariant partition of the lattice, and can be constructed out
of the kind of shift-invariant striped partitions that have been used
above. For very coarse partitions, only a few elenents from each
stripe will be updated -- this can be acconplished using the
conditional bit 110 (FIG 11) in the PE. The controller 30 (FIG 2)
al so suppresses the nesh-1/0O unit substitution of data that won't be
updated, permitting all of the communication resources to be reserved
for bits that will actually participate in the update. Note that,
when eight or fewer bits in a site-group are shifted, these can be
noved arbitrarily far through the lattice before being substituted for
bits in other nodes (the nunmber of clocks used by the nesh

comuni cation pipeline is extended as necessary).

A particular kind of nulti-resolution nodel is a pyram d machine
nodel . A 2D exanple of such a nodel nmight begin with a lattice filled
with nunmerical data, with the goal being to calculate the sum of al

of the nunbers. This could be acconplished by partitioning the
lattice into 2x2 bl ocks and cal cul ating the sum for each bl ock
separately. These sums could then in turn be partitioned into 2x2

bl ocks, and the sum for each of these bl ocks cal cul ated, and so on

At each step, data at two different resolutions interact, and the
spatial distance between the | ower-resolution sumsites (which can be
pictured as lying at the center of each 2x2 bl ock of higher-resolution
sum sites) doubles at every step. Just as in the nmulti-grid nodel,
the final steps are perfornmed by maski ng updati ng of sonme sites using
the conditional bit 110, and taki ng advantage of fast shifts of sparse
data. This kind of calculation is useful for accunmulating statistical
i nformati on about a spatial system finding extreme values of field
data, and for other kinds of analysis.

A crystal lattice nodel is a machine nodel in which the spatia
arrangenent of lattice data is not uniform but has a regul ar
crystalline structure. Regularly spaced subsets of the crysta
|attice sites are called sublattices, and bit-fields are associ ated
with sublattices. For exanple, a 2D checkerboard has two subl attices,
whi ch could be called the red sublattice and the black sublattice.
Sonme bit-fields mght be associated with both sublattices, and sone
only with the red sublattice. The black sublattice would then have no
bit-fields associated with correspondi ng data. Sone of the
site-updating m ght involve the data associated with both sublattices,
and m ght apply to all sites. Sone of the site-updating m ght cause
the uniformdata to interact with the red-sublattice data, and would



apply only to the sites of the red sublattice.

It mght also be that red sublattice data sonetimes shifts to the

bl ack sublattice, |eaving no data on the red sublattice at the next
step. This would be a sinple exanple of a reconfiguring crystal
lattice nodel, in which the system goes through a sequence of crysta
lattices. In such a nodel, both the anpbunt and type of data
associated with the various sublattices can change with tinme. Note
that reconfiguring lattice nodels are very conmon, since any use of
tenporary variables in updating lattice sites results in sone
bit-fields that appear and then di sappear. In calcul ations where
several processing steps are applied to the sane site-aggregate before
nmovi ng on to another site-aggregate, tenporary variables nmay be used
and freed, and so the sane nenory storage may be available for reuse
as tenporary storage in updating subsequent site-aggregates.

Clearly many other variants and conbi nati ons of machi ne nodel s are

al so possible. Fine-grained control at the |evel of each individua
row-period al so makes many ot her kinds of efficient conputations
possi bl e, such as the kinds of data-reformatting transformations
alluded to earlier for nunerical data. Conputations can be ?pipelined
intime? by enulating a wavefront of variable data noving through a
hi gher di nensional volune of paraneters (e.g., the wavefront of a
conput ation nmoving through a logic circuit). The shared LUT within
each node can act as a powerful conmunications primtive, allow ng
non-local transfers of data in the enulated lattice. Conbined with
the facility to send small ampunts of lattice data arbitrarily far in
one processing step, various kinds of nesh routing al gorithns can be
efficiently inplenented. Thus the machi ne nodel enconpasses
considerably nore than a fixed lattice with uniform data novement.

Addi ti onal Features

It should be enphasi zed that a spatially scal able nesh architecture of
the sort described here is also scal able as technol ogy i nproves,

all owi ng nore devices to be put onto each chip. The npst direct
scaling involves sinply putting several of the nodes described above
onto each chip, arranged in a regular array. Only one copy of the
direct RDRAM sl ave interface 28 (FIG 2) and of the serial-1/0
interface 34 are required. The nunber of PEs may be adjusted to match
advanci ng | ogi ¢ speed and changi ng DRAM paraneters by altering the
time-multiplexing factor for the PEs (i.e., the effective word size,
as determned by the multiplexer 82 of FIG 9).

Some conputations would be nore efficient if it were possible to use a
smaller site-group. In particular, this would allow the use of
smal l er 3D sectors to efficiently enulate small 3D lattices. The
effect of having smaller site-groups can be achieved by splitting the
site-groups up into a set of smaller site-aggregates that together
forma shift-invariant partition of the lattice. Each site-group then
consi sts of several snmmller site-aggregates, all of which are
processed in parallel. The sane anopunt of information is needed to
control the permuting of the bits within a word in all cases. As a
single 64-bit word, for exanple, 6 bits are needed to specify the
rotati on amount, and by choosing the aggregation of words into rows
appropriately, the same rotation can be used for all words of the sane



bit-field during a given rowperiod. Sinmlarly, if, for exanple, the
64-bit word is divided up into four 16-bit aggregates, then 4 bits are
needed for a given bit-field to specify a single fixed rotation of al
16-bit aggregates during a rowperiod. Two additional bits are needed
to specify a rotation of the order of the four aggregates that
conprise each 64-bit word, again totaling 6 bits of contro

i nformati on. The ampount of hardware used in a 64-bit barrel rotator
84 is also sufficient for the nore general permutation. In fact, if
the rotator is inplenented as a butterfly network, then it is only
necessary to change the control of the network to allow the 64-bit
word to be split into smaller bit-aggregates that can be individually
rotated, and also rotated as blocks within the word. This additiona
flexibility in the control of the butterfly network al so renpves sone
constraints on the control of the nesh-1/Ounit 86 (FIG 9), which may
make it slightly nore conplicated.

Anot her possi bl e enhancenent concerns interconnect. Thus far, the

di scussion has been limted to arrays of nodes in 1D, 2D and 3D, since
physi cal arrays of nodes in nore dinmensions are not uniformy

scal able. It should be noted, however, that the same hardware
described here, with only the provision of additional comrunication
resources, and a correspondi ng change to the nmesh-1/0O unit, can be
used with any nunber of dinensions of interconnect. It should be
enphasi zed, however, that the physical interconnect does not limt the
maxi nrum nunber of dinmensions of the lattice that can be enul ated by a
given array of nodes of the preferred enbodi nent, since each node can
enul ate a sector of a lattice with any desired nunber of dinensions,
limted only by avail able nmenory.

The enbodi ment described here is ained at sinultaneously achieving
very high nmenory bandwi dth, a single |large on-chip address-space, and
efficient sharing of inter-chip communications resources. Sinmlar
architectures based on data novenent using shift-invariant
partitioning can be adapted to other constraints. A particularly
interesting exanple is a lattice-conputer node design that is

constrained to be essentially just an ordinary DRAM chip. In this
case a single large block of on-chip DRAM i ght be coupled to the PEs,
with whole rows still accessed one word at a tine. By providing

storage for several rows of DRAM data along with the PEs, new PEs that
were very simlar to those outlined above could be constructed (but
with only one serial arithnetic unit per PE). Mesh-conmunications
resources (i.e., pins) would only be needed for shifting a single
bit-field at a time, and if the master RDRAM interface 24 in FIG 2 is
omtted, the result would be a nenory chip with only a handful of
extra pins. For LUT processing, correctly shifted bit-field data for
the PE i nputs would be accunul ated one row at a tinme, then the LUT
woul d be used to produce the output rows, one at a tinme, which would
be stored back into DRAM This would al so have the advantage that
updat e operations with fewer than eight bit-field inputs or outputs
woul d not waste dedicated nenory bandwi dth, and simlarly as |ong as
control or LUT data isn't changed, no menory bandwi dth is dedicated
there either. Long power-hungry wires wouldn't be needed to bring
together data from di stant DRAM bl ocks, and there would be no
constraint on which rows of DRAM can be accessed sinultaneously -- the
constraint of "only one row from each DRAM bl ock" di sappears when
there is only one DRAM bl ock. Hi gh aggregate nmenory bandw dth coul d
be achieved with this kind of architecture by putting arrays



consi sting of several single-DRAM nodes together on the same chip
Wth such an array, however, the advantage of a single |arge address
space woul d be lost, and nore mesh-1/0 pins woul d be needed.

The single nenory-nodul e version of the data novement architecture

di scussed above uses nore buffering and | ess parallelismthan the 20
menory-nodul e version. Internmediate architectures with a few coupl ed
menory nodul es would al so be interesting. These would also share the
advant age of having little nmenory bandw dth dedicated to specific
functions, such as control, and would have nore parallism In

mul ti - modul e enbodi nents, including the 20 nmenory nodul e enbodi nent
detail ed above, it may be useful to allow nmenory lines that aren't
used by a PE to be connected to each other. Since all of the
bit-field shifting is done by the nenory nodul es 20, this would all ow
bit-field data to be shifted and copi ed i ndependently of the other
operations of the PEs.

As noted earlier, an FPGA with a direct RDRAM i nterface woul d provide
a convenient way to connect a processing node to external circuitry --
for example, for inmge processing. An alternative would be to put
some FPGA |l ogic onto the sane chip with the processing node, adding
sone reconfigurable 1/0 pins, and perhaps making the existing nesh-1/0
pi ns reconfigurable. Such a hybrid lattice/ FPGA chip woul d be
particul arly convenient for enbedded applications, which would involve
el ectronic interfacing and sone buffering of data for synchronous

| attice processing. The FPGA array would connect to the rest of the
chip through the controller 30 of FIG 2. It would be capabl e of
overriding parts of the controller's state machine, in order to
directly control the RDRAM interfaces and other on-chip resources. It
could use the DRAM nodul es 20 sinply as high-bandw dth on-chip

menory, if desired.

Finally, it should be enphasi zed that the design of the PEis quite

i ndependent of the nechani sm described here for efficiently assenbling
groups of shifted lattice site bits. The sane shift mechani smcan be
used with many fewer or many nore bit-fields com ng together at each
PE. The basic elenments stored and shifted and applied to each PE can
al so be larger than single bits. There is a rich history of SIM PEs,
whi ch provides nmany alternatives for how to i ndependently and
identically process many parallel streanms of data. The preferred
enbodi nent descri bed here couples one particular style of SIM
processing with a rather general data-field shift mechanismin a
spatial lattice conputer.

O her Enbodi nents

It is to be understood that while the invention has been described in
conjunction with the detail ed description thereof, the foregoing
description is intended to illustrate and not linmt the scope of the
i nvention, which is defined by the scope of the appended cl ai ns.

O her enbodiments are within the scope of the follow ng clains.

What is clainmed is:



CLAI M5

1. A net hod of perform ng operations associated with a
process occurring in at |l east one enulated lattice of at |east
one sector having lattice sites therein, the operations being
performed by at |east one processi ng node, the processi ng node
associated with the at | east one sector and including a nmenory,
conpri si ng:

associ ating each of the lattice sites with data in a data
structure;

partitioning the data at the lattice sites into sets of
honol ogous bits, one fromeach data structure at each lattice
site, to formcorresponding bit-fields;

partitioning the lattice sites in a shift-invariant manner
into groups each including a plurality of lattice sites to form
corresponding first site-aggregates, the data in each bit-field
bei ng correspondingly partitioned into first bit-aggregates;

groupi ng together first site-aggregates to forma
plurality of second site-aggregates that partition the lattice
sites of the at |east one sector in a shift-invariant manner;

groupi ng together pluralities of first bit-aggregates to
form second bit-aggregates, each second bit-aggregate aggregating
data associated with the lattice sites of a correspondi ng second
site-aggregate;

storing in the nenory each second bit-aggregate as an
addressabl e unit conposed of separately addressable first bit-
aggregates; and

shifting data for at |east one of the bit-fields within
the at | east one sector by addressing each second bit-aggregate in
which a portion of the at |east one of the bit-fields is stored,
and addressi ng each of the constituent first bit-aggregates in
the addressed each second bit-aggregate.

2. The nethod of claim 1, further conprising:

processing bit-field data for each of the lattice sites to
be updated to transformthe value of the associated data
structure.

3. The nmethod of claim 2, wherein processing conprises
perform ng a synbolic operation.

4, The nethod of claim 2, wherein processing conprises
perform ng a nunerical operation.

5. The nethod of claim 2, wherein processing conprises:
reading fromthe nenory the bit-field data for each
lattice site to be updated
updating the read bit-field data; and
writing the updated bit-field data to the nenory.

6. The nmethod of claim5, wherein the step of updating
occurs after the step of shifting and the bit-field data read
fromthe menory are shifted bit-field data.

7. The nmethod of claimb5, wherein the step of updating
occurs before the step of shifting and the bit-field data witten
to the menory are shifted bit-field data.



8. The nethod of claim1l, wherein the at |east one sector
conprises a plurality of sectors and the operations are perforned
by an array of processing nodes, each associated with a different
one of the sectors in the plurality of sectors and conmunicating
with others of the processing nodes associated wi th nei ghboring
ones of the sectors in the plurality of sectors.

9. The nethod of claim8, further conprising:

shifting periodically the bit-field data within each
sector of each associ ated processing node, whereby the data that
shifts past an edge of the sector waps to the begi nning of an
opposite edge of the sector, the periodic shifting being perforned
by nmenory addressing and by re-ordering bits within addressed ones
of the first bit-aggregates.

10. The nmethod of claim9, further conprising:

readi ng by the processing nodes the periodically shifted
bit-field data, each accessing data for a one of the first
site-aggregates to be processed; and

comrmuni cati ng the wapped data to a nearby one of the
processi ng nodes, the comruni cated w apped data bei ng substituted
for the wapped data within the nearby one of the processi ng nodes
to which it is conmunicated.

11. The method of claim 10, further conpri sing:
processing the shifted bit-field data.

12. The nmethod of claim 11, wherein processing includes
using a table | ookup

13. The nmethod of claim 12, wherein each of the processing
nodes includes a plurality of processing elenents for processing
a parallel streamof the bit-field data and the table | ookup is
shared by all of the processing elenents in each processing node.

14. The nethod of claim 13, further conprising:

| oading the bit-field data into the shared | ookup table so
that data fromall of the lattice sites in a given one of the
sectors can be used to randomy access data belonging to a fixed
set of the lattice sites.

15. The nmethod of claim 11, wherein the plurality of

lattice sites aggregated within each of the first site-aggregates
have a uniform spacing relative to each edge of the at |east one
sector, the difference for any two of the first site-aggregates
in the respective nunbers of lattice sites lying within a give

di stance of an edge being at npbst one.

16. The nethod of claim 11, wherein each second bit-
aggregate aggregates first bhit-aggregates associated with a
single one of the sectors in the plurality of sectors, and which
in their pattern of grouping of data associated with the lattice
sites, are all periodic translations of each other along a single
line in the single sector



17. The nethod of claim 11, wherein each of the processing
nodes includes a plurality of processing elenments for processing
a parallel streamof the bit-field data, wherein the second bit-
aggregate aggregates first bhit-aggregates associated with a
plurality of the bit-fields, and wherein each processing el enent
includes bit-serial arithmetic hardware.

18. The nethod of claim 11, wherein the at | east one

enul ated lattice includes at least two enulated |attices, the at
| east two enul ated | attices having unequal nunmbers of the bit-
fields, and wherein shifted bit-field data fromthe at | east two
emul ated lattices are processed together

19. The nmethod of claim 11, wherein the at | east one sector
has at | east two di mensions, and each of the first site-
aggregates includes a set of the lattice sites that is
unsymetric about every parallel to at |east one edge of the at
| east one sector.

20. The met hod of claim 1, wherein the nenory has the
property that consecutive accesses to each of the plurality of
first bit-aggregates is fastest if each first bit-aggregate in
the plurality of first bit-aggregates is a part of a single one
of the second bit-aggregates.

21. The nmethod of claim 20, wherein the at | east one sector
has at |east two di nensions, and each of the first site-
aggregates includes a set of the lattice sites that is
unsynmmetri ¢ about every parallel to at | east one edge of the at
| east one sector.

22. The nethod of claim 21, wherein the at | east one sector
conprises a plurality of sectors and the operations are perforned
by an array of processing nodes, each associated with a different
one of the sectors in the plurality of sectors and conmunicati ng
with others of the processing nodes associated wi th nei ghboring
ones of the sectors in the plurality of sectors.

23. A processor for perform ng operations associated with a
process occurring in at |east one enmulated lattice having at

| east one sector and having a plurality of lattice sites therein,
the processor conprising:

a processing node associated with the at | east one sector
the processing node including a menory for storing lattice site
data associated with the plurality of lattice sites, each of the
|attice sites having an associ ated data structure;

wherein sets of honol ogous bits, one from each associ ated
data structure at each lattice site, formbit-fields;

wherein a shift-invariant partition of the |east one
sector into pluralities of lattice sites formfirst site-
aggr egat es;

wherein first site-aggregates are grouped to partition the
lattice sites of the at | east one sector in a shift-invariant
manner to forma plurality of second site-aggregates;



wherein a portion of each bit-field associated with each
first site-aggregate fornms a first bit-aggregate;

wherein pluralities of the first bit-aggregates are
grouped together to form second bit-aggregates, each aggregating
data associated with a correspondi ng second site-aggregate;

wherein the menory stores each second bit-aggregate as an
addressabl e unit conposed of separately addressable first bit-
aggregates; and

wherein the processing node shifts data for at |east one
of the bit-fields within the at | east one sector by addressing
each second bit-aggregate in which each portion of the at |east
one of the bit-fields is stored, and addressing each of the
constituent first bit-aggregates in the addressed each second
bi t - aggregat e.

24. The processor of claim 23, wherein the processi ng node
includes a plurality of processing elenents coupled to the
menory, the processing elenments operating in parallel to process
the shifted data received fromthe nenory, each of the processing
elenents in the plurality of processing el enents updating bit-
field data corresponding to a different lattice site in the

shi fted data.

25. The processor of claim 24, wherein the nenory includes
at |east two nmenory bl ocks, and nore than one of the at |east two
menory bl ocks are coupled to each processing el ement.

26. The processor of claim 24, wherein the plurality of
processing el ements share a | ookup table.

27. The processor of claim 24, wherein each processing
el ement includes bit-serial arithnmetic hardware.

28. The processor of claim 23, wherein the nenory includes

at | east one nmenory bl ock and portions of the at | east one nmenory
bl ock are selected to store control information used during a
period in which a row of nenory words is processed.

29. The processor of claim24 further conprising:

a plurality of the processing nodes, each of the
processing nodes in the plurality of processing nodes connected by
mesh /O links to neighboring processing nodes in the plurality of
processi ng nodes to forma nesh array, each of the processing
nodes in the plurality of processing nodes being associated with
an equal -si zed sector of the enulated lattice; and

wherein the performance of the operations is divided anpong
the plurality of the processing nodes.

30. The processor of claim 28, further conprising:
a barrel shifter connected to the at | east one nenory
bl ock for re-ordering bits within nenory words.

31. The processor of claim 28, further conprising:
a butterfly network connected to the at | east one nmenory
bl ock for re-ordering bits w thin nenory words.



32. The processor of claim 28, further conprising:

a mesh 1/O unit coupled to the at | east one nenory bl ock
for identifying a bit as having shifted beyond a sector boundary
and transferring the identified bit to a next adjacent sector for
a corresponding bit substitution.

33. The processor of claim 24, wherein the operations are
performed under the control of a host to which the processor is
connect ed.

34. The processor of claim 24, wherein the processing node

is coupled to a nonvolatile nmenory device for storing a program
and a copy of the programis loaded into the processi ng node at
boot time.

35. The processor of claim 24, wherein the processi ng node

i ncl udes reprogranmabl e | ogi c bl ocks of the sort used in FPGA
devices, along with reprogranmable I/O pins, for interfacing with
ot her el ectronic devices.

36. The processor of claim 24, wherein the processing node
controls an external menory device used for storing bit-field
data and for storing control information.

37. The processor of claim 24, wherein the nenory has the
property that consecutive nmenory accesses to each of a

set of several first bit-aggregates is fastest if each first bit-
aggregate of the set of several first bit-aggregates is a part of a
singl e one of the second bit-aggregates.

38. The processor of claim 23, wherein the at |east one
sector has at |east two dinensions, and each of the first site-
aggregates includes a set of lattice sites that is unsynmetric
about every parallel to at |east one edge of the at |east one
sector.

39. The processor of claim 23, wherein constituent first

bi t-aggregates are ordered w thin each second bit-aggregate, such
ordering being reflected in the associated nenory addresses, and
wherein the grouping and ordering of first bit-aggregates is such
that the shifting of the at | east one bit-field involves only a
cyclic perrmutation in the order of each set of constituent first
bit-aggregates within the correspondi ng second bit-aggregate.

40. A net hod of perform ng operations associated with a
process occurring in at |east one emulated lattice of at |east one
sector of at |east two di mensions having lattice sites therein,
the operations being perforned by at | east one processing node,
the at | east one processing node associated with the at | east one
sector and including a nmenory, conprising:

associ ating each of the lattice sites with data in a data
structure;

partitioning the data at the lattice sites into sets of
honol ogous bits, one from each data structure at each lattice
site, to formcorresponding bit-fields;



partitioning the lattice sites in a shift-invariant manner
into groups of lattice sites, each group being unsymretric about
every parallel to at |east one edge of the at |east one sector, to
forma plurality of correspondi ng site-aggregates, the data in
each bit-field being correspondingly partitioned to form
bi t - aggr egat es;

storing each bit-aggregate as an addressable unit in the
menory; and

shifting data for at |east one of the bit-fields within
the at | east one sector of the emulated lattice by addressing each
bit-aggregate in which a portion of the at |east one of the
bit-fields is stored.

41. The nethod of claim40, further conprising:

processing bit-field data for each of the lattice sites to
be updated to transformthe value of the associated data
structure.

42. The nmethod of claim 41, wherein processing conprises
perform ng a synbolic operation

43. The met hod of claim4l, wherein processing conprises
perform ng a nunerical operation.

44, The nmethod of claim41l, wherein processing conprises:
reading fromthe nenory the bit-field data for each
lattice site to be updated;
updating the read bit-field data; and
writing the updated bit-field data to the nenory.

45, The met hod of claim 44, wherein the step of updating occurs
after the step of shifting and the bit-field data read fromthe
menory are shifted bit-field data.

46. The nethod of claim 44, wherein the step of updating occurs
before the step of shifting and the bit-field data witten to the
menory are shifted bit-field data

47. The nethod of claim40, wherein the at |east one sector
conprises a plurality of sectors and the operations are perforned
by an array of processing nodes, each associated with a different
one of the sectors in the plurality of sectors and conmunicating
with others of the processing nodes associated wi th nei ghboring
ones of the sectors in the plurality of sectors.

48. The nethod of claim47, further conprising:

shifting periodically the bit-field data within each
sector of each processing node, whereby the data that shifts past
an edge of the sector waps to the beginning of an opposite edge
of the sector, the periodic shifting being perforned by nmenory
addressing and by re-ordering bits within the addressed ones of
the bit-aggregates.

49, The method of claim48, further conprising:

readi ng by the processing nodes the periodically shifted
bit-field data, each accessing data for a one of the
site-aggregates to be processed; and



comuni cating the wapped data to a nearby one of the
processi ng nodes, the comruni cated w apped data bei ng substituted
for the wapped data within the nearby one of the processi ng nodes
to which it is conmmuni cat ed.

50. The nethod of claim49, further conprising:
processing the shifted bit-field data.

51. The nmethod of claim50, wherein processing includes using a
tabl e | ookup.

52. The nmethod of claimb51, wherein each of the processi ng nodes
includes a plurality of processing elenments for processing a
parall el streamof the bit-field data and the table | ookup is

shared by all of the processing elenents in each processing node.

53. The nmethod of claim52, further conprising:

| oading the bit-field data into the shared | ookup table so
that data fromall of the lattice sites in a given one of the
sectors in the plurality of sectors can be used to randomy access
data belonging to a fixed set of the lattice sites.

54. The nethod of claimb50, wherein the lattice sites that are
aggregated within each of the site-aggregates have a uniform
spacing relative to each edge of the at |east one sector, the
difference for any two of the site-aggregates in the respective
nunbers of lattice sites lying within a given di stance of an edge
bei ng at npbst one.

55. The nethod of claim50, wherein there are at |east two
enul ated lattices, the at |east two enmulated lattices having
unequal nunbers of the bit-fields, and wherein shifted bit-field
data fromthe at |east two enulated |attices are processed

t oget her.

56. A processor for perform ng operations associated with a
process occurring in at |least one emulated lattice having at | east
one sector of at |east two dinmensions having lattice sites
therein, the processor conprising:

a processi ng node associated with the at |east one sector
the processing node including a nenory for storing lattice site
data associated with the lattice sites, each of the lattice sites
havi ng an associ ated data structure;

wherein sets of honol ogous bits, one from each associ ated
data structure at each lattice site, formbit-fields;

wherein a shift-invariant partition of the at |east one
sector into pluralities of lattice sites fornms pluralities of
site-aggregates, each site-aggregate being unsynmetric about
every parallel to at |east one edge of the at | east one sector

wherein a portion of each bit-field associated with each
site-aggregate forns a bit-aggregate;

wherein the menory stores each bit-aggregate as an
addressabl e unit; and

wherein the processing node shifts data for at |east one
of the bit-fields within the at |east one sector of the enul ated
lattice by addressing each bit-aggregate in which each portion of
the at | east one of the bit-fields is stored.



57. The processor of claimb56, wherein the processing node
includes a plurality of processing elenents coupled to the
menory, the processing elenments operating in parallel to process
the shifted data received fromthe nenory, each of the processing
el ements in the plurality of processing el enments updating bit-
field data corresponding to a different lattice site in the
shifted data.

58. The processor of claimb57, wherein the nmenory includes at
| east two nenory bl ocks, and nore than one of the at |east two
menory bl ocks are coupled to each processing el ement.

59. The processor of claimb57, wherein the plurality of processing
el ements share a | ookup table.

60. The processor of claimb57, wherein each processing el enent
includes bit-serial arithmetic hardware.

61. The processor of claimb56, wherein the nmenory includes at
| east one menory bl ock and portions of the at |east one menory

bl ock are selected to store control information using during a
period in which a row of nenory words in processed.

62. The processor of claim57 further conprising:

a plurality of the processing nodes, each of the
processing nodes in the plurality of processing nodes connected by
mesh 1/ O links to neighboring processing nodes in the plurality of
processi ng nodes to forma nmesh array, each of the processing
nodes in the plurality of processing nodes being associated with
an equal -si zed sector of the enulated lattice; and

wherein the performance of the operations is divided anong
the plurality of the processing nodes.

63. The processor of claim 61, further conprising:
a barrel shifter connected to the at |east one nenory
bl ock for re-ordering bits w thin nenory words.

64. The processor of claim61, further conprising:
a butterfly network connected to the at | east one nenory
bl ock for re-ordering bits within nenory words.

65. The processor of claim 61, further conprising:

a mesh 1/O unit coupled to the at | east one nmenory bl ock
for identifying a bit as having shifted beyond a sector boundary
and transferring the identified bit to a next adjacent sector for
a corresponding bit substitution

66. The processor of claim57, wherein the operations are
performed under the control of a host to which the processor is
connect ed.

67. The processor of claimb57, wherein the processing node

is coupled to a nonvolatile nenory device for storing a program
and a copy of the programis loaded into the processi ng node at
boot time.



68. The processor of claimb57, wherein the processing node

i ncl udes reprogrammuabl e | ogic bl ocks of the sort used in FPGA
devices, along with reprogranmable I/O pins, for interfacing with
ot her el ectronic devices.

69. The processor of claimb57, wherein the processi ng node

controls an external nmenory device used for storing bit-field
data and for storing control information.

ABSTRACT OF THE DI SCLOSURE

A mechani sm for perform ng parallel computations on an emnul ated
spatial lattice by scheduling menory and conmuni cati on operations on a
static mesh-connected array of synchroni zed processi ng nodes. The
|attice data are divided up anong the array of processing nodes, each
having a nenory and a plurality of processing elenments within each
node. The nenory is assuned to have a hierarchical granular structure
t hat di stingui shes groups of bits that are nost efficiently accessed
toget her, such as words or rows. The lattice data are organized in
menory so that the sets of bits that interact during processing are

al ways accessed together. Such an organization is based on mappi ng
the lattice data into the granular structure of the nenories in a
manner that has sinple spatial translation properties in the enul ated
space. The mapping permts data novenent in the enulated lattice to
be achi eved by a conbinati on of schedul ed nenory access and schedul ed
comuni cation. Mbreover, the sane mappi ng spreads interprocessor
conmuni cati on demands evenly over tine.
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