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Abstract of the simple logic operations. The price paid for the

A large class of problems of modern engineering andsoftware-based implementation is however speed
scientific computations can be expressed and solved bylegradation. Moreover, in most of the commonly used

operations of the Multiple-Valued Cube Calculus Processor architectures, the parallel processing is very
(MVCC). However, the standard processors are limited (even in modern RISC or Pentium processors). It
inefficient for the MVCC operations. We developed is also a very hard problem for compilers.

therefore a special reconfigurable processor that  TO improve the computation speed for a certain formal

efficiently implements the MVCC operations. For system, the two following approaches can be used in
execution of a certain algorithm, an appropriate combination: a special hardware processor can be
massively parallel structure of such processors is useddeveloped that efficiently implements (in hardware) the

and the processors are programmed only for the MV Ccspecific operations of the considered formal system, and a
operations actually used in the algorithm. The processor'smassively parallel structure of such specialized hardware
versatile and scalable design enables a lot of variousProcessors can be used for computations. For many
massively parallel structures. To our knowledge it is the formal  systems,  just  specialized  hardware

first processor specialized in fast symbolic computations. implementations seem to be most appropriate (e.g. fuzzy
logic, morphological algebra, DSP, and image

1. Introduction. processors). o o
In many modern areas of engineering and scientific

Most of the existing computers were designed to com_p_utat!ons_related to dlscrgte pr_oblem SOIV'r_'g and
artificial intelligence, such as: design automation of

perform operations on numbers, and therefore, thedi ital systems, machine learnin attern recognition
structure of the standard processor’'s ALUs is tuned to the 9 y ! 9. P 9 ’

arithmetic operations. The standard ALUs implement image processing, data base design and information

o : . retrieval from data bases etc.,, various discrete
efficiently the formal system of arithmetic. On the other S
' optimization problems must be solved repeatedly. The
hand, a lot of other formal systems, as set theory, binary; LA
: . : : discrete optimization problems are complex from the
and multi-valued logic, fuzzy logic, morphological

algebra etc., are used in many modern engineering area%omputatlonal viewpoint _ (typically = NP-hard). The

o . effectiveness and efficiency of solving this kind problems
and for scientific computations. However, the standard ; : )
. ; heavily depends of the data representations, algorithms
ALUs do not implement operations of almost all of these S
. . : -~~~ and heuristics used, and of the speed of the repeatedly
systems in hardware. Even the binary-logic operations

performed by the standard ALU’s are limited to only very performed typical operations on the data.

simole operations. such as AND. OR. NOT and EXOR It is of course possible to develop a specific hardware
MorF:e ch;mpIex k')inary logic (;pera,tions as sharp- processor for each such algorithm, but this would require

X synthesis of a specific hardware from the behavioral
consensus, crosslink, complement and others, as well a3

. ; . . Specification of a certain algorithm. The automatic

multi-valued logic operations can be implemented on the . ST .
standard processors (in software) only as long s,equenceksJ,ehavIoral compilation is however not yet in such an
advanced stage as to perform this task effectively and



efficiently for a large class of algorithms. On the other Moreover, only a small specific subset of all implemented
hand human-made hardware designs would be veryoperations would actually be used for each particular
expensive. Fortunately, it is a well known fact that the algorithm.

combinatorial optimization problems can be polynomially ~ Fortunately, modern FPGA technology allows for:
transformed to another combinatorial problems, and can e fast and relatively inexpensive realization of

be expressed and solved by few (multiple-valued) logic specialized programmable processors for arbitrary
operations  performed repeatedly [3]. Potential operations, and

applications of the (multiple-valued) logic are of course e reuse of the same FPGA hardware to implement
not limited to the discrete optimization problems. various specialized application specific processors

(re-programmability).

2. The concept of a specialized massively Moreover, FPGA implementations are especially

parallel reconfigurable processor for fast effighent ffor regular agd Sf%:zllablei architectures. |
: . erefore, instead of developing a general-purpose
symbolic computations. symbolic processor with hardware-implemented large
ubset of MV-logic operations or an application-specific
Erocessor for a single optimization algorithm, we
designed and implemented a  broad-spectrum
reconfigurable hardware accelerator for MV-logic

. - . tions: a Multiple Val Icul MV
in specialized hardware, and to compute solutions foropera lons: a Multiple Valued Cube Calculus (MVCC)

th bl ith el llel struct f hprocessor, called alsoGube Calculus Machine (CCM)
€se problems with a massively paraflel structure ot SUCicon can pe used as a co-processor of the standard
specialized hardware processors.

The Multiple-Valued input, binary-output, Cube arithmetic processor. It is a hardware accelerator
- L ) ' reconfigurable for ific algorithm that is required at
Calculus (MVCC) [10][11] is the most general known econfigurable for a specific algo atis required at a

dat i 4 calculus in: tional loai certain time. When executing a certain algorithm, it is
ata representation and caiculus In: propositiona .Og'c’programmed only for the MVCC operations actually used
logic synthesis, logic programming, logic simulation,

. > : .in the algorithm. The reprogrammability feature is crucial
machine learning, image processing, date_l—bases, set .Io.g"for effective and efficient implementation of the MVCC,
_and _several other areas of problem solving and art'f'c'albecause the number of different MVCC operations grows
mttlatlll_gence [%]|[9]£1011[11]'| | boli fast with the number of logic values, but only a small
IS possibie o develop a general-purpose sym OICs:peciﬁc subset of all operations is used for a particular
processor for efficient computation in all these fields, algorithm. Moreover, different MVCC operations have
with T'ardwabre:mplimented large Sfdbst?t of MV-Iogllc the same general computation pattern, what enabled to
operations, but Such processor wou € very comp e.XdeveIop general processor architecture for all MVCC
and expensive, because the number of possible MV-logic

. . ) operations, but each of them involves different
operations grows fast with the number of logic values.

!

Our approach is to express a large class of problems o
modern engineering and scientific computations by
operations of theMultiple-Valued Cube Calculus
(MVCCQ), to efficiently implement the MVCC operations
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Figure 1 The block diagram of the CCM processor architecture.
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Figure 2 Data flow in structures built of CCM building blocks.

combination of elementary logic operations. These in the horizontal chain, the control unit enables direct
elementary logic operations will be reprogrammed eachconnection of the rightmost IT of the left processor with
time the operation sort or number of logic values is the leftmost IT of the right processor of the pair, without
changed. using the bus interface unit. These two features of the
The heart of the CCM is a bit-sliced data path CCM’s architecture implement the micro parallelism at
representing a one-dimensional interactive network ofthe sub-instruction level.
electrically programmable cellular automata. The data The computation speed can be further enhanced by
path is thus not combinational but sequential. Thisusing a vertical linear array (pipeline) of the CCM
follows from the fact that many of the typically used processorsRgure 2) to implement the second lowest
MVCC operations are sequential (not combinational). level loop of the algorithms - usually the cube loop or
Each of them generates as its result not a single word, buinstruction loop. The design of the CCM'’s bus interface
a number of words. unit (Figure 1) enables vertical communication between
Further speedup can be achieved when hardwardhe CCM processors as well as communication of the
implementation of typical repeatedly performed CCM processors with the host processor. It also enables
operations will be combined with various appropriate implementation of the two-directional pipelining of
sorts of parallelism. The operations are in most case<CCMs and ping-pong between the CCM processors and
performed on a large amount of data. In particular, theRAM or CAM memories Figure 2), which are very
lowest level loop of the algorithms - the variable loop - useful for some computations involving cubes. For
may involve a lot of binary or multi-valued variables. example, the architecture involving both the two-
From the computation speed viewpoint, it would be the directional pipelining and ping-pong can be used to
best to implement the computations for all variables of thecompute the morphological Hough transform. These
loop in parallel, by making the word of a single CCM massively parallel structures of CCM'’s are not the only
processor at least as long as required by all the variablesstructures possible. Among others, the tree of pipelined
However, different word-length may be required for each CCM’s is possible and it is very useful for many
particular algorithm, and therefore, the CCM architecture computations, e.g. for computing the generalized Petrick
has been developed as fully scalableige 1). function. Various structures can also be combined to form
Moreover, to overcome the limitations on physical more complex structures. In this way three-dimensional
dimensions of FPGAs and boards with FPGAs, the massively parallel processing architectures with three-
CCM'’s design, in particular the iterative cell's (IT) and dimensional data movements can be realized with CCM
control unit's design Kigure 1), enables the horizontal processors.
connection of any required number of CCM processors to A versatile design of CCM and implementation of the
implement long words exceeding the word-length of a massively parallel CCMs structures with reprogrammable
single CCM Figure 2). For each pair of CCM processors FPGAs allow for an extremely high degree of flexibility.



The number of possible to program CCM operations is
extremely high (se&ection 5). These operations include:
all MVCC operations, operations on multi-valued multi-
output relations, on numbers and number intervals, on
symbolic predicates, etc. Moreover, in various CCM
processors or various iterative logic units of a single CCM
(Figure 1) different MVCC operations for MV-variables
with different number of values can be programmed at the
same time. Furthermore, the same reprogrammable FPG/
hardware can be used to implement various massively
parallel structures of differently programmed CCM
processors, and also various other co-processors o
accelerators.

We have designed the CCM and simulated,
implemented, and tested its prototype that implements
computations for the word of sixteen binary, eight 4-
valued, four 8-valued variables, or any combination of
binary, 4-valued or 8-valued variables for a total of 32
bits. For the prototype implementation we used two

Figure 3 A 3-dimensional cube (---1) in a

Xilinx FPGA. XC-3090-50 PP175C chips. 4-dimensional space (----).
3. Introduction to cube calculus. e a set of all cubeson a certain ordered set of discrete
variables X, X,, ... , %, , that contains also an empty
Let’s consider aet of discrete variables (attributes) cube and a full cube (full discrete space defined by
X1, Xs, ... , %, such that each variablg ¥an take values RSTRACHN Xw)’.
from a certain finite discrete set W; can be any finite * aset of operationson sets of cubes.

set of symbols). Aliteral X;5" of a certain variable X ) .
represents a characteristic function of a certain subset SCube operationsare of severainds:
of V,, i.e. the literal's value is 1 for symbols from this ® cubeoperators: resultis a list of O to n cubes,

subset. e cubepredicates result is logic value 0/1, and
e counting operations result is a number (e.g.
Example: Hamming distance of two cubes).
e for binary logic: ¥ = X, and ¥ = X' are two _ , - _
literals, In CCM literals are represented in positional notation.
o for four-valued logic V= {0,1,2,3}: Positional notation uses a separate bit to represent each
: . possible value of each literal. If the literal is true for a
{0‘2} _ 1 |f X :{0,2} . . e . P wan
X = _ is a literal. specific value, the corresponding bit is set to “1". For
0if X={13 example, assuming that each of the variablgsXX and

X3 is a 3-valued variable and the values are {0,1,2}, the
A cubeon X;, X, ... , X% is an ordered set of literals  cube:X'*?X,?X,? will be denoted by [101-011- 001].
oNn Xy, Xz, .., X, .61 X% X% X,*" A cube represents a  Thebase K of a logic machine ishe number of bits

sub-space (a cube) in the n-dimensional discrete multirequired to represent a simple symboin this machine.
valued space (sedgure 3). Usually (e.g. in the traditional

switching algebra) a cube is interpreted as a product ofExample:

literals, but it can also be interpreted asuan of literals K = 2 allows us to realize all logic operations
or anexor of literals. In general, a cube can represent any (matrices) in multiple-valued logic with no more than=2
ordered set of subsets of certain discrete set$ ¥1, ..., 4 values. The four simple symbols are: 0 - negated

n (i.e. Cartesian product of the subsets). Each such subsetriable, 1 - positive variable, X - don't care, and
can be represented in different ways: as a (binary) vectorcontradiction. They are encoded in positional notation as
of a given length, as a number or as a number intervalfollows: 0-10, 1-01, X-11, and:-00. With this encoding,
For the purpose of this paper, the first representation willcube bcd’ (X110) on the ordered set of discrete variables
be used. (a, b, ¢, d) is represented by: [11-01-01-10].

Cube calculusis a system of: When multiple-valued logic is realized using binary
signals, K binary signals are used to represent each simple
symbol from the set of “2symbols. A simple symbol
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Figure 4 A W-input K-base universal cell The main concepts of hardware implementation of the

cube calculus data are:

expressed in base K will be callecké (analogously to ¢ acube,

bit which is a Kit with K=1). K=1 base symbol is * alist(array) of cubesdlist, and

sufficient to realize the binary logic, set theory, and ¢ alistof lists of cubeseclist.

binary arithmetic. K>1 are necessary for multiple-valued

systems. Kit is a basic information chunk of logic =~ Summing up, the Multiple-Valued Cube Calculus is a

machines analogous to bit in arithmetic machines. set of cubes of a certain discrete space and a set of
A W-input K-base universal cellis a logic block with  operations on the cubes, clists, and cclists.

W inputs and one output, each input and output being a

base K signal (sefigure 4). 4. Computation patterns of cube calculus
In _CCM each S|mple symbol is processed by the operations.

ITerative Cell (IT), being an elementary processor. K-

base s;;mbol requireshK-ba.se IIT cell (hmre 5)-Ina There are a lot of (two-argument) operators on cubes,
CCM of base K each variable can have arbitrary, buty,  forynately they expose certain common computation

divisible by K, number of values. A complex variable patterns, and they can be sub-divided into the three
with R-K values (a complex symbol) is processedRoy following classes

cooperating ITs. Thus, CCM introduces simple and simple combinational operations

complex symbols, as an intermediate level between bits complex (conditional) combinational operations
and variables, enables a flexible number of values in . )

literals, and usage of a (for example) two-bit IT cell to sequential operations
represent a part of an MV-literal of an arbitrary number of

| Operations of each class have the same computation
values.

pattern, and the pattern of a simpler class can be



considered as a special case of the pattern of a mor&xample (simple combinational operation):
complex class. Existence of the common computationinter-section (product) operation

pattern enabled design of certain dedicated hardware %) if A AB = forsomd
architecture for cube operations. Implementation of each ANB ={ ' '

particular operation is then achieved by a particular

instantiation of the general architecture that is realized by
appropriately programming the FPGA structures.

A NB, A, NB,y, ..., A, NB, otherwise

Example (complex combinational operatior): prime
operation. A prime B = ¥X*,..., XA, XA VB AT
Simple combinational operations X" where Au B; are computed only for those variables
e produce aingle cube as a resultand X; for which A n B; = & is satisfied (such positions are
s are position-by-position (bit-by-bit) operations, the called active positions).

same operation for each position. ) ) o
Example (sequential operatior): nondisjoint sharp

Complex (conditional) combinational operations A whenA N"B=g
e produce aingle cube as a result A #B = o whenA - B
e areposition-by-position (bit-by-bit) operations, and B
e the literals of the resulting cube are calculated from
the corresponding literals of the argument (operand)
cubes byconditional operations on the literals of
the argument cubes

A #p.6ic B otherwise

A #basicB = {X lAlr---: >Q—lAi-lv Xi_‘Ai ﬁBi’ Xi+lAi+1!"'v ><ﬂAn| for
suchi=1,..., nthat =(AB;) } e.g. xxx1 # 111x = {Oxx1,
x0x1, xx01}.

Sequential operations

e can producemore than one resulting cube one
cube per active literal(active position),

e can havdrom 0 to n potentially active positionsi
for which a certaimelation rel (A, B;) is satisfied,

¢ the operation executedon the active positionis a
certain simple combinational operation,

¢ operations executedbefore and after the active
position are in general certain simple combinational
operations, but they often consist just of copying A
or Bi',

Each sequential operation can be described by the
pattern: A operation B = {}{"AL BL - x afA-l Bid)
Xiact(Ai,Bi), Xi+1 ef(Ai+1, Bi+1),..., xnbef(An, Bn)l for such i = 1’.“,
n that rel(A,B;) = 1}.

Patterns of combinational operations are special cases
of this pattern. Thus, simple combinational operations can
be considered as a special case of the complex
combinational operations, and all combinational
operations can be considered as a special case of the
sequential operations (s€able 1).

. tentiall i ii ted For different operations, differe_nt functions feel,
potentially -~ aclive  positions —are  compute bef, act, andaft are selected. Functiohef, act, aft, and
SImuItanequst . rel are K-wise functions. If, for example, K=2, then each

e the resulting cubes are created sequentially ., pitg of the resulting cube C that represent a simple
starting from the leftmost potentially active position. symbol depend only on corresponding two bits of the

argument cubes A and B, i.e.’GZ' depend only on

Table 1 Cube calculus operations.

function relation (rel) output operation
rel and/or beforgbef) active (act) after (aft)

Intersection 1 and Ai " Bi - -
Supercube 1 and Ai U BI - -
Prime AiNBi=& and Ai Ai UBI -
Crosslink AiNBi=g& and Ai Ai UBI Bi
Sharp (Bi o Ai) or Ai Bi n Ai Ai
Disjoint Sharp (Bi 2 Ai) or Ai Bi Al Ai M Bi
Symmetric Cons. 1 and Ai M Bi Ai UBI Ai N BI
Asymm. Cons. (Bi o Ai) or Ai N Bi Ai UBI Ai N Bi




A'A" and BB™. but the implementation of the sequential operators
A complex symbol that represents a value of a variablerequires some more comments.

C of the length RK(IT) is a composition of R simple First, a certain relation rel (AB;) must be satisfied by

symbols being the results computed in all ITs representingiterals at a position i for this position to become active

this variable (the ITs form the R K(IT)-sliced CCM and a resultant cube to be created. While all potentially

chips). active positions are computed in parallel by evaluating the
relation rel (A, B;) for all i in all ITs at the same time, the
5. The CCM'’s architecture. corresponding  literals  (positions) are  activated

sequentially, and exactly one resultant cube is created for

Software implementation of each cube operation uses £ach literal (position) active at a certain time, by
single loop that runs through all cube variables. executing a certain operation act;,(4;) at the active

The following two crucial ideas formed a basis for literal (€.g. ~A n B; for sharp), a certain operation bef
inventionof the CCM: (Ai, B) at all positions before (or right of) the active
literal (e.g. copying the literals for sharp), and a certain
operation aft (A B;) at all positions after (or left of) the
active literal (e.g. copying the literals for sharp). The

cellular automata (FSMs) with information flowing literals are activated starting from the leftmost potentially

between the FSMs from the left to the right and from active position. After performing the described above
the right to the left computations for a certain active literal, the literal

corresponding to the next to the right potentially active
position is activated, and the corresponding resultant cube
is created. When producing a particular resultant cube, all

e execution of thelowest level loop of the cube
operation algorithms - the variable loop in
hardware, by using alinear iterative array of

e reconfiguration of logic functions of the cellular
automata by theimplementation with FPGAs.

The CCM System Architecture involves: the literals on positions to the left from the active literal
e ahost processor being a traditional general purpose areé of the after type, and all literals on positions to the
computer, and right from the active literal are of the before type. All

e a massively parallel structure of the CCM these operations are totally executed in hardware by the

processors which forms a co-processor (application iterative _network of small fast asynchronoqs F_SMs (ITs),
specific reconfigurable hardware accelerator) of the When using a fast asynchronous communication between

host processor. the FSMs. _ _ _ o
A CCM operation possible to program is a point in a
A single CCM processor (seeFigure 1) consists of: multi-dimensional space created by a Cartesian product of

e an iterative logic unit (ILU), being a horizontal ~ basic programmable features, such as: rel, bef, act, aft,
linear array of R K(|T)_S||Ced CCM ChipS, each CompOSItlon, plpellnlng, etc. The number of pOSSIble to

composed of R ITs, program operations is extremely large. T@ssible to

e acontrol unit, program operationsinclude:

o aregister file, ¢ all known MVCC operations,

e abus interface unit e operations on various kinds of numbers and number

intervals,
The lowest level loop- usually thevariable loop - is e operations on symbolic predicates,

implemented inside the CCM processors, by the e operations on multi-valued multi-output relations,
horizontal communication between the ITs, or with few etc.
CCM processors connected horizontally. Thecosd
lowest level loop- usually thecube loop - is imple- CCM can be considered as a prototype afymbol-

mented by theertical linear array (pipeline) of the CCM  processing computer with a sort of data path

processors. This enables two-dimensional datamicroprogramming (in contrast to control path

movements: horizontal (inside or between the CCM microprogramming of the traditional arithmetic

processors) and vertical (between the CCM processors)computers).

The third dimension of data movements is realized with

RAM memories connected to ITs. Some possible data6. Advantages of CCM application.

flows in structures built from the CCM building blocks

are given irFigure 2. There are several reasons why the CCM can greatly
The implementation of predicates, counting operationsspeed up many applications. The main reason is of course

and combinational operators in CCM is very similar to the fact that the ALU of a conventional computer does not

their implementation in a traditional arithmetic processor, efficiently implement the (multi-level) logic operations,

while CCM does it. For instance, to calculate the



consensus of two cubes, the ALU must execute a londesser extent from this problem, because ALU bandwidth
series of shifts and ANDs. Also, some of the resultantcan be flexibly adopted for each application. The only
cubes are empty and must be removed. This means thdimiting factor is the capacity and speed of the FPGAs in
the generation of the resultant cubes is irregular andthe hardware that is used.

inefficient. Since the cube calculus machine was Furthermore, the CCM architecture is regular, scalable
specifically designed for MVCC operations, each of theseand allows massively parallel computers to be built from
operations can be executed in just a single clock pulse oa large number of CCM processors, which are controlled
a few clock pulses and requires only one CCM by other CCMs and ultimately, by the host computer.
instruction. The CCM does not generate empty resultantThus, true massively parallel processing can be realized.
cubes, so the generation of the resultant cubes isThe mapping of these architectures onto the FPGAs
completely regular. The time needed to generate the cubesequires considerable time, but once they are compiled,
solely depends on the number of non-empty resultantthe host computer can instantly load new architectures
cubes. into the FPGA board.

Analogously to the traditional processor which is a  The question arises whether the speedup of certain
general-purpose processor, but tuned to the arithmeti@pplication justifies the purchase of a costly hardware
computations, the CCM is also a general-purposeaccelerator board. However, the cost of the FPGA
processor, but tuned to the symbolic computations. Beinghardware can be shared among various applications, not
the result of a single development process, it can be usednly those involving symbolic computations. Moreover,
efficiently for a broad range of applications. It is the essence of the CCM is not the FPGA board, but the
reprogrammable, what enables to implement only thearchitecture that is programmed into the FPGAs. The
operations that are actually required for execution of aCCM architecture can be programmed on existing FPGA-
certain algorithm at a certain time slot. It allows a architecture hardware boards, or a ‘specificc CCM
customized instruction set, which can be optimized for ahardware board may be used for other applications. For
certain application. Moreover, the SRAM based FPGAs example, the CCM can be programmed into the Anyboard
can be reconfigured while the host computer, or even theor Xputer [2].
host program that uses CCM, is in full operation. Since the essence of the CCM is its architecture that

Furthermore, in a conventional computer the control is involves reprogrammable basic logic operations of ILU
realized by a program stored in RAM. This results in afor rel, bef, act, and aft, it is even not necessary to
considerable control overhead, since the instructions havemplement the CCM on a classical FPGA board. Faster
to be fetched from RAM. If an algorithm contains loops, hardware for the CCM’s implementation can be achieved
the same instructions will be read many times. This makesy limiting reprogrammability to only rel, bef, act and aft,
the memory interface the bottleneck of the conventionaland by implementing most of the CCM processor in the
computer architectures, especially when the memory buslassical hardware. In this way, the CCM processor can
is not fast as the internal processor bus. In the CCMbe implemented as very fast classical hardware chip with
architecture, most of the control is implemented in the few small reprogrammable look-up tables in its ILU.
CCM’s data path itself. Once a complex MVCC The fact that the CCM architecture can be programmed
instruction is loaded into the CCM, the host computer into the Anyboard and Xputer is not the only reason that
only needs to write the data cubes to the CCM and readhey were mentioned. They both use repetitive compiling
the resultant cubes from the CCM. The host processor caof new designs onto multiple FPGAs. This requires
process the resultant values from the CCM while loadingextensive and time consuming logic minimization and
them from the CCM, as the CCM awaits the next clock mapping algorithms. It just happens that logic synthesis is
pulse to send another cube. one of the key application areas where the CCM

Additionally, in most of the commonly used computer processor can make a great difference in execution speed.
architectures, the parallel processing is very limited (evenSince the SRAM-based FPGAs can be reprogrammed
in modern RISC or Pentium processors). Parallel while the host computer is in full operation, it is quite
processing has also proven to be very hard material foreasy to load the FPGA board with CCM processor and
compilers. In the CCM architecture, parts of an existing use the CCM to speed up the calculations of the new
program for a traditional computer can be replaced by adesign of the board. When that design is finished, it is
single CCM instruction. This CCM instruction is then simply loaded into the FPGAs and immediately ready for
executed in hardware that was specifically designed fortesting. Thus, the CCM can serve as a hardware
this particular instruction, allowing micro parallelism in accelerator for itself — a computational beauty of
the CCM. “bootstrapping”, reminding of a Lisp compiler that is

Another limiting factor of conventional computer compiled by itself. This illustrates the advantages of an
architectures is the bandwidth of the ALU. As a result of FPGA-based add-on board. One single FPGA board can
the FPGA implementation, the CCM suffers to a much be used to implement several different add-on boards and



speed up many different nonconcurrent tasks. This notspeedups for several applications, even a structure with a
only reduces the costs of hardware, but also the powesmall number of processors.
consumption, the number of slots that are needed, and

even the size of the computer case. 8. Conclusion
7. Prototype implementation and experi- The algorithms for discrete optimization problems as
mental results. well as many other algorithms for problem solving in

modern engineering areas can be expressed by few MV-

We have designed, simulated, and implemented alogic operations on multiple-valued cubes. However,
prototype of the CCM for the word of sixteen binary, these operations must be repeated many times during a
eight 4-valued, or four 8-valued variables, or any Single run of a certain program that implements such an
combination of binary, 4-valued or 8-valued variables for @lgorithm. Moreover, for solving practical problems some
a total of 32 hits. For the prototype implementation we combinations of algorithms must often be executed
used two Xilinx FPGA XC-3090-50 PP175C chips (175 repeatedly. Solving such problems with traditional
pin, 50 MHZ). It was designed with FutureNet DASH. 8 arithmetic computers is inefficient.
iterative cells of the prototype consumed approximately ~We designed therefore a specialized computer
48% of the available CLBs. The prototype architecture - CCM - that implements the MV-logic
implementation was simulated and tested on manyoperations in hardware. To our knowledge, CCM is the
examples. Timing analysis has been also performed: thdirst logic machine for multiple-valued logic, universal
greatest delay was of 145.8 nanoseconds. logic, and cube representation. CCM is specialized in fast

The speedup of sharp operation was app. 25 times on §ymbolic computations. Its versatile, regular and scalable
variable terms comparing to its software implementation. design allows for an extremely high degree of flexibility
The speedup of Satisfiability Problem algorithm was app.and enables a lot of various massively parallel structures
14 times comparing to its software implementation. Thesebuilt of CCM processors.
speedups were achieved for a single CCM processor We implemented a CCM prototype composed of two
having an ILU with a short word composed of 8 IT cells. CCM chips: each CCM chip performs computations for
Since the speedups grow with the number of IT cells in aan equivalent of eight binary variables. We performed
single CCM processor and number of the CCM Some experiments and measurements with this prototype.
processors in various appropriate massively parallelEven with the small scale prototype implementation quite
architectures built of the CCM processors, computationPig speedups were achieved, but speedups in the full-scale
speed enhancement in the full scale massively parallemassively parallel implementation are expected to be
implementation is expected to be much higher. much higher.

To have an impression of possible speed enhancement, The full-scale version of the machine is being
we performed a number of simulation experiments with developed on DEC PERLE 1 board with Xilinx FPGAs, a

the tree of p|pe||ned CCM processors used for coprocessor to DEC 5000 that we recently acquired. The
computation of the generalized Petrick function. Among CCM architecture is geometrically regular and scalable,
others, we considered a quite small tree with 3 levels angvhat is an important advantage for its implementation
7 CCM processors. We assumed a host processor clocWith FPGAs, and in particular with the DEC PERLE 1
rate of 10 MHz. Since the host processor must fetch allPoard. Ultimately, the CCM processor can be
four leaf nodes of the CCM processor’s tree in every implemented as a very fast hardware Chlp with few small
execution cycle it limits the clock rate of the CCM reprogrammable look-up tables. The CCM processor is a
processor’s tree to a slow rate of 2.5 MHz. With these horizontal linear array of cellular automata, and more
assumptions, the considered (small) parallel processingomputation power can be achieved by horizontal
structure is able to solve a 1000-clause of generalizedconnection and vertical connection (pipelining) of the
Petrick function within 0.7 milliseconds. To solve this CCM chips. One of our ultimate goals is to build a
problem instance with the same algorithm implemented incomputer for fast functional decomposition of (multi-
software, the traditional host computer (PC) operating atvalued) functions, relations and sequential machines
10 MHz requires 70.8 seconds. Thus, application of anl4l[7][13][14]. One of many possible applications of such
appropriate parallel structure of the CCM processors,@ machine can be logic synthesis, another data mining in
even with a small number of processors, resulted in theorder to learn in real-time from WWW environment
speedup of app. 100000 times. [6][14].

The experimental results are very encouraging and
indicate that an appropriate parallel structure of the
specialized CCM processors will give significant



References

(1]
(2]

(3]
(4]

(5]

(6]
(7]

(8]
Bl

(10]

(11]

(12]

(13]

(14]

S. Devadas:Optimal Layout Via Boolean Satisfiability
Proc. ICCAD, Santa Clara, Nov. 1989, pp. 294-297.

R. Hartenstein: A Novel Paradigm of Parallel
Computation and its Use to Implement Simple High
Performance Hardware Proc. Int. Conference on
Information Technology, Tokyu, Japan, Oct. 1-5, 1990,
pp. 1-12.

G. deMicheli: Synthesis and Optimization of Digital
Circuits, McGraw Hill, 1994.

L. Jozwiak:General Decomposition and Its Use in Digital
Circuit Synthesis VLSI: An International Journal of
Custom-Chip Design, Simulation, and Testing, Vol. 3,
Nos. 3-4, 1995, pp.225-248

L. Kida, M.A. Perkowski:The Cube Calculus Machine: A
Ring of Asynchronous Automata to Process Multiple-
Valued Boolean Functiongroc. IEEE ISCAS'92, May
10-13, 1992, pp. 807-810

M.A. Perkowski, L. JozwiakHardware Accelerator for
Real Time Learning from WWW DafSU Report, 1997
M.A. Perkowski, M. Marek-Sadowska, L. Jozwiak,
T.Luba, S. Grygiel, M. Nowicka, R. Malawi, Z. Wang and
J.S. ZhangDecomposition of Multiple-Valued Relations
Proc. ISMVL'97, 1997

D. Rine: Computer Science and Multiple Valued Logic
Theory and Applications, North-Holland, 1984.

T.D. Ross, at al:Pattern Theory: An Engineering
Paradigm for Algorithm DesignTechnical Report WL-
TR-91-1060, Wright Laboratories, USAF,
WL/AART/WPAFB, OH 45433-6543, August 1991.

T. Sasao: HARTA Hardware for Logic Minimization and
Verification, Proc. IEEE ICCD’85, Oct. 7-10, 1985,
pp.713-718.

S.Y.H. Su and P.T. Cheun@omputer Minimization of
Multi-Valued Switching Functions IEEE Trans. on
Computers, vol.C-21, No. 9, p. 995, 1972.

N. Song and M. PerkowskiMinimization of Exclusive
Sum-of-Products Expressions for Multiple-Valued Input,
Incompletely Specified FunctignkEEE Trans. On CAD,
vol. 15, No 4, April, 1996, pp. 385-395.

F. Volf, L. Jozwiak and M. Stevendivision-Based
Versus General Decomposition-Based Multiple-Level
Logic SynthesjsVLSI Design: An International Journal of
Custom-Chip Design, Simulation, and Testing, Vol. 3,
Nos. 3-4, 1995, pp. 267-287.

B. Zupan and M. Bohanetearning Concept Hierarchies
from Examples by Function Decompositiofechnical
Report, Department of Intelligent Systems, Josef Stefan
Institute, Ljubljana, Slovenia, September, 1996.



