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KPROC - AN INSTRUCTION SYSTOLIC ARCHITECTURE FOR PARALLEL
PREFIX APPLICATIONS

BERTIL SCHMIDT* AND MANFRED SCHIMMLER?

Abstract. The KPROC (KiloPROCessor) architecture is the first implementation of a parallel computer with
1024 floating-point processors on a single chip. It strictly follows the concept of an instruction systolic array. The
modular organisation allows for either building large arrays of many KPROC chips or speeding up small machines
with a single KPROC as a coprocessor. This paper presents concept of this parallel computer model as well as the
architectural details of the processor design. It is shown that this computer model allows for efficient implementation
of parallel prefix computations. A large variety of applications from different areas is presented to demonstrate how
parallel prefix computations can be used as key operations for deriving efficient implementations on the KPROC.

Key words. single chip parallel computer, instruction systolic array, parallel prefix computations, image process-
ing, cryptography

1. Introduction. Instruction systolic arrays (ISAs) have been developed to provide a program-
mable high performance hardware for specific computation intensive applications [7, 9]. Typically,
such an array is connected to a sequential host; thus operating like a coprocessor which solves only
the computationally intensive tasks within a global application [14, 15, 16, 17, 18]. The ISA is a
mesh connected processor grid, where each processor is connected to its four direct neighbours by
two unidirectional data wires. The processors are controlled by three streams of control information:
instructions, row-selectors and column-selectors. Communication among adjacent processors occurs
via designated communication registers. The whole system is globally clocked. Since data and
control information is propagated only to physical neighbours, clock skew problems cannot occur.

KPROC is an ISA with 1024 processors integrated on a single chip. The first part of the
paper describes the architecture and the design of the circuit. Due to the strict limitations in area
and power consumption the functionality of the individual processor had to be restricted to a small
number of simple machine instructions. The choice of this reduced instruction set is tailored towards
an efficient implementation of complex operations like double precision floating point addition or
1024-bit integer multiplication.

In the ISA the execution of the instructions is pipelined in the two dimensions of the mesh. This
skewed instruction execution leads to a significant advantage in comparison to a conventional SIMD
mesh: Operations which need information propagation from left to right or from top to bottom
in the array can be computed with a single instruction, whereas the SIMD mesh requires Q(n)
where n is the edge length’ of the mesh. In this paper it is shown that parallel prefix computations
belong to these favourable operations. Parallel prefix computations are well-khown key operations
in many standard algorithms. Therefore, to implement efficient applications on the KPROC it is
useful to design algorithms that take advantage of parallel prefix computations. We demonstrate
this technique for several applications in numeric, graph theory, cryptography, and image processing.

The concept of instruction systolic arrays is explained in the second section. Section 3 gives
an overview over the global architecture of the single processor. The KPROC machine consists of
1024 of these processors integrated on one die using a 0.25-micron digital CMOS process. The array
allows off-chip communication with a data rate of 800 Mbytes per second between host computer
and the KPROC-chip. In Section 4 it is proven that parallel prefix computations can be computed
with only a single ISA instruction. Section 5 contains a number of examples how to convert a given
algorithm in order to exploit parallel prefix computations. Section 6 concludes the paper with a
collection of ideas of a future ISA machine.

2. Principle of the ISA. The ISA is a quadratic array of identical processors, each connected
to its four direct neighbours by single data wires. The array is synchronised by a global clock.
The processors operate bit-serially, i.e. one bit per clock cycle. The size of the internal registers

*School of Computer Engineering, Nanyang Technological University, Singapore 639798, (asbschnidt@ntu.edu. sg).
TInstitut fiir Datenverarbeitungsanlagen, TU Braunschweig, Hans-Sommer-Str. 66, 38106 Braunschweig, Germany
(masch@ida.ing.tu-bs.de).
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is 16 bits and each instruction produces a 16-bit result. Therefore, one period of 16 subsequent
clock cycles is called an instruction clock cycle. The processors are controlled by instructions, row-
and column selectors. In every instruction clock cycle one instruction, 32 row-selector bits and 32
column-selector bits enter the array.

The instructions are input in the upper left corner of the processor array, and from there they
move step by step in horizontal and vertical direction through the array. This guarantees that within
each diagonal of the array the same instruction is active during a single clock cycle.

The selectors also move systolically through the array: the row selectors horizontally from left
to right, the column selectors vertically from top to bottom (Fig. 2.1). The selectors mask the
execution of the instructions within the processors, i.e. an instruction is executed if and only if both
selector bits, currently in that processor, are equal to one. This construct leads to a very flexible
structure, which creates the possibility of efficient solutions for a large variety of applications.

Formally, a program diagonal is a triple < I, R,C >, where I is an instruction from a finite
instruction set, R and C are words over {0,1}. A program is a sequence of program diagonals
< I(k), R(k),C(k) >k=1,..,m - An instruction I(k) is executed in processor P(;,j) at time t =
i+j+k—2if and only if R®) =1 and C®) = 1. m is called the period of the program. Since
execution of each takes the same time (one instruction clock cycle), the period is a reasonable
complexity measure for ISA programs.

Every processor has read and write access to its own memory. Besides that, it has a designated
communication register that can also be read by the four neighbour processors. Two adjacent
processors can exchange data by writing on their own communication register and afterwards reading
the communication register of the other in two subsequent clock phases. Within one instruction clock
phase the reading access is always performed before the writing access. This convention on the one
hand ayoids read/write conflicts, on the other hand it creates the possibility to broadcast information
across a whole row or column with one single instruction.

Complex operations (like multiplication with long operands) are composed of two or even more
subsequent instructions. Since every instruction is propagated to the neighbour processor directly
after its execution, the processors do not require their own control memory.

3. KPROC architecture. The goal of integration of 1024 processors on a single chip has
created a number or requirements for the implementation:
o The whole system should dissipate less than 5W. Since it consists of 1024 processors the
individual processor was limited to slightly above 4mW.
® The chip area should not exceed 1.2 cm?. Having 1024 processors plus padframe and clock
distribution on one chip the area for one processor was limited to about 0.1 mm?.
e 64-Bit and 32-Bit floating-point formats of IEEE should be supplied as well as all kinds of
integer and word formats.
o The internal global clock rate should be 400 MHz.
Due to the limited area the processor had to be very compact. In fact, this was the reason
for the choice of a bit serial data organisation. The size of the local memory was limited to 64
general-purpose registers plus one communication register. The wordlength of the data items was
chosen to 16 bits as a compromise between the requirements of different application areas like image
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processing (favourable 8 bits) and numeric (64 bits). The instruction set and the internal data
formats were defined such that arbitrary formats for fixpoint and floating point arithmetic could be
handled. Fig. 3.1 shows the global architecture of the single processor.

Two operand multiplexers choose two registers of the own local memory or of the communication
registers of the neighbours (incoming data wires). The operands are propagated to the units required
for execution of the actual instruction. These units can be the multiplier, the shifter, the floating
point control, the conditional unit, or the ALU. The result of the execution is given to the result
bus and from there written into the local registers or the communication register or both.

During the execution of one instruction the processor receives the next instruction together with
a column selector bit from the upper neighbour and a row selector bit from the left neighbour. The
selectors are interpreted. If both are 1 then the execution of the instruction is prepared. Is one of
the selectors 0 then the execution of a no-operation is initialised. Instruction and column selector
are propagated bit serially to the lower neighbour and the row selector to the right neighbour during
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the execution of the instruction.

The local memory must be available for reading (of two operands) and writing (of on result)
access within one instruction clock cycle. Although it is organised as single ported static RAM
this could be achieved by reading and writing data fractions of 8 bits at 6 different phases of the
instruction execution. This required an additional parallel-serial conversion in the read unit and a
corresponding serial parallel conversion in the write unit of the RAM. Fig. 3.2 shows the pipelined
structure of the memory access within each processor.

Architecture of the computation units
ALU The unit for integer arithmetic an logical operations is a standard ALU consisting of a full

adder with feedback of the carry output to one of the inputs and a collection of logic gates
for implementing AND, OR, NAND, NOR, XOR, EQV and arithmetical and logical shift
operations. Since there are no new ideas in the design we do not describe the details here.
The interesting reader is referred to [3].

Multiplier The multiplier is a parallel-serial design operating in the following way: in the first
instruction cycle one operand is loaded as multiplicand into the unit. In the following cycle
(or cycles if operand lengths are greater than 16) the second operand is serially broadcast
to all bits of the multiplicand, where a bitwise multiplication is performed. Simultaneously,
the result bits are accumulated and propagated along the line of bits of the multiplicand.
In order to perform a multiply-add in the same time as a multiplication it is possible to
input a third operand (16 bits in each instruction cycle) into the multiplier. This third
operand is added to the result on line. If the multiplicand is longer than 16 bits then the
same procedure has to be performed more than one times, using the sum input to add the
intermediate results of lower significance to the actual multiplication of higher precision.

Conditional unit Unfortunately, one disadvantage of SIMD-architectures holds also for ISAs:
There is no possibility of conditional branches in the control flow of the machine. The
KPROC solves this problem by means of a conditional unit. This unit allows assignments
that depend on flags set by one of the predeceasing instructions. A conditional assignment
has the form

if flag then A:=B else A:=C;
A branch of the form

if condition then statementl else statement2;
can be equivalently transformed to

B:=statementil;

C:=statement2;

if condition then setflag;
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TasLE 3.1
Tag bits to encode floating point numbers.

case tagd tag2 tagl
postive number 1] [1] Q
negative number i1 [ 0
+0 a 0 1
-0 1 0 1
+infinty (1] 1 0
—infinty 1 1 0
NaN (Not a Number) | X 1 1
TABLE 3.2

Computation of result tags in the case a multiplication (z: normal number, INF: infinity, NaN: Not a Number).

T [1] INF NaN
z zT = INF NaN
a INF a NaN NaN

INF | INF NaN INF NaN

NaN | NaN NaN NaN NaN

if flag then A:=B else A:=C;
Of course, this requires both the execution of statement1 and statement2 (in all processors
of the array). The original branch would execute only one of them. But practical appli-
cations show that the decrease in performance is subdominant with respect to the total
execution time.

Floating point unit Several decisions on the architectural level were made because of power rea-
sons. One example might illustrate this technique: In a conventional floating point processor
the internal format is the one known as IEEE standard [1]. The IEEE 64-Bit format for
example consists of one sign bit, 11 exponent bits and 52 bits of the significant (mantissa).
The special cases occurring in floating pint arithmetic (infinity, zero, not a number) are
encoded as certain values of the significant and mantissa. This representation implies that
in every floating point operation there are a large number of possible special cases (special
operations to be performed) depending on the state of the operands. But the interpreta-
tion of the state of the operands needs to inspect all 64 bits. Obviously this implies large
cireuitry and a high power consumption in floating point computations.

The solution in the KPROC processor is very simple and efficient: instead of the
IEEE standard, internally an extended standard is used. The significant is extended to 64
bits (which even gives additional precision) and three bits are added to the exponent. All
necessary information about the special cases is encoded in these three bits. Therefore, the
switching effort in every floating point instruction is minimised in comparison to the IEEE
representation. These three tag bits encode the cases as shwon in Table 3.1.

The disadvantage of this technique is some additional storage requirements (for the
internal representation) and the additional conversion of every input floating point number
into the internal format and every output floating point number into IEEE format.

Floating point multiplication is performed in the usual way: Exponents are added and
mantissas are multiplied using the integer units discussed above. Interpretation of the tags
during the addition of the exponents allows detecting all special cases. Table 3.2 shows how
the tags of the result depend on the operand tags. Special cases for the result are unique
except for the case where both operands are normal numbers. In this case an underflow of
the exponent changes the result to 0 and an overflow to infinity. If no underflow or overflow
occurs then the result is normal number.

Floating point addition is a bit more complicated: First, the exponents of the operands
have to be compared. Then the mantissa of the operand with smaller exponent has to be
rightshifted according to the exponent difference. After that the mantissas have to be added.

Lexcept the case of an exponent underflow or overflow, then the result tag is 0 or INF, respectively
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TABLE 3.3
Computation of result tags in the case of an addition.

z [1] INF  NaN
T z2 T INF  NaN
0 z 0 INF NaN
INF | INF INF INF? INF
NaN | NaN NaN NaN NaN

Finally, the greater exponent has to be chosen as the exponent of the result. Again, during
the comparison of exponents the special cases are detected. The type of the result is shown
in Table 3.3. The result of the addition of two normal numbers might be a normal number,
0, or infinity. Addition of plus and minus infinity results in not a number: Which of these
cases hold is known after the addition of mantissas. Therefore, the result tags are written
in the final step, where the greater exponent is chosen. Shifting of the mantissa is done by
a combination of a configurable shift register and an address displacement. Concurrently
with the addition of the mantissas the number of leading digits of the result are counted in
order to normalise the floating point number after addition.

In order to keep to full precision in a sequence of floating point operations every
result has to be normalised. This means the mantissa has to be shifted such that the first
digit following the binary point is a 1 for positive numbers and a 0 for negative numbers
in 2-complement. For normalisation again the shifter is used together with an address
displacement as in floating point addition. The shifting distance is given by the value of
the leading digit counter. After shifting the mantissa the exponent has to be corrected by
subtracting the contents of the leading digit counter.

New features of the KPROC architecture In contrast to the existing commercial ISA imple-
mentations [4, 20], the KPROC architecture has a number of new features, that allows for
more efficient parallel prefix operations:

o Random access data exchange with the external memory is possible, because KPROC
has no interface processors at all. Instead, every processor has two memory banks,
from which one is connected to the outside, while the other serves as local storage.
These memory banks are switched with a special instruction.

Addressing modes are generalised: Besides arbitrary 3-adress instructions in the KPROC

also indirect addressing for the two source operands and for the destination have be-

come possible.

e A number of specialised machine instructions allows for faster 8-bit oriented image
operations.

o Every processor has one designated ready flag. This can be used to control condi-
tional instructions in order to run iterations and optimisations with a data-dependent
termination condition.

In Section 5 we will show how these features help to speed up several parallel prefix computations.

4. Parallel prefix computation. The parallel prefix computation [8] can be recursively de-
fined as to be given inputs o, . . ., Zn—1 compute outputs yp, . .., Yn—1 With yo = zo and y; = y;_1®x;
for 1 <i < n—1 where ® is an associative binary operator. The following proposition holds for the
calculation of parallel prefix computations on the ISA:

PROPOSITION 4.1. If the operator ® can be executed in a single ISA processor within a single
instruction, the corresponding parallel prefix computations yo,...,yn—1 can be computed in an ISA
processor row (column) of length n with period 1.

Proof. Let the C-register of the i** processor of the ISA processor row {column) initially store
the input value z;,0 < i < n — 1. The instruction C:=C ® C[WEST] (C:=C ® CINORTH]) performs
the parallel prefix computation, i.e. each processor i, 0 < i < n—1, has calculated y; in its C-register
after the execution of this instruction. This holds because of the pipelined instruction flow.

2except the case that the result mantissa is 0, than the result tag is 0
3except the case that the signs of the two operands are different, then the result tag is NaN
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Of course, which parallel prefix computations are efficiently executable on the ISA depends on
the instruction set of the individual processor. In contrast to the calculation of a parallel prefix
computation on an ISA processor row of length n with constant period its calculation on a mesh-
connected SIMD processor array requires (n).

Parallel prefix computations can be used to solve a number of problems efficiently. Ladner and
Fisher show how they can be used to parallelize the computation of an arbitrary Mealy machine
[8]. Leighton discusses a number of different problems that can be solved using prefix computations
[11]. In the following section the ability of the ISA to perform parallel prefix computations in an
extremely efficient way is exploited as a key operation to derive efficient implementation on the
KPROC for several computationally intensive applications in cryptography, image processing, and
multimedia.

5. Applications.

5.1. Broadcast and Ringshift. The simplest example of a parallel prefix computation is
broadcasting, i.e. z ® y = z. Thus, only one instruction is needed in order to propagate a data
item from left to right along a row of processors, just as if there were a broadcast line connecting all
processors of a row (or column, respectively). This instruction is C:=C[WEST] (read the contents of
the C-register of the western neighbour and write it into the own C-register), denoted by an arrow
symbol in Fig. 5.1 (left). Sending a data item from right to left along a row takes 2n instructions.
So one would write programs in a way that whenever possible propagating data is done from left to
right or from top to bottom.

The fictitious broadcast line can be used as a wrap-around connection of the array in order to
realise ringshift operations. If the C-register contents of processors 2, ...,n of a row are simultane-
ously read by their left neighbours, a left shift of the data of this row is performed. However, the
data item in the first processor would be lost. Therefore, this data item is broadcast to the last
processor, yielding a ringshift of the data items. Fig. 5.1 (right) shows the program for a 4 x 4 array.

Broadcast and ringshift provide elegant and efficient solutions for the problem of interprocessor
communication on the ISA. While allowing communication along a whole row or column, these
operations use only local communication and take only one or two instructions. But the number
of instructions is the natural measure for the time complexity of an ISA program. The following
programs are examples for the use of broadcast and ringshift operations.

Matrix Multiplication: The problem is to compute the product of two n X n matrices F' =
A - B, defined as Fy; =3, ., Aik - Brj.

We first assume that n = 32 (thus, fitting into the KPROC array). Suppose that matrix A
and matrix B have been loaded into the array. Then the first column of A, which is in the first
column of the array, is broadcast along the rows and stored intermediately in some double register
H. Similarly, the first row of B is broadcast along the columns. Now each processor P(i,j) has
elements A; and Bi; available and can compute Fj; := Fi;+ A1 - Byj. The next step is to ringshift
A by one column to the left in order to get the second column of A, elements A;», into the first
column of the array, from where they can be broadcast along the rows. Similarly, B is ringshifted
by one row to the top, in order to be able to broadcast elements B3; along the columns. After n of
such steps, registers F' contain the product of A and B.

Ifn =32-k,k > 2, A, B, and F are partitioned into 32x 32 submatrices A[p, q], Blp, q, Flp, q],0 <
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P,¢ < k~ 1. Each submatrix F[p,q],0 < p,q < k-1, is computed in k steps, where in each step
7,0 £ 7 < k — 1, the two submatrices of A[p, 7] and BIr,q] are multiplied as described above. The
submatrices Alp,¢ 4 1] and Blg + 1,p| can be loaded into the processor array concurrently to the
processing in step r,0 < r < k — 2.

The same routing techniques as described for matrix multiplication can be applied for the ISA
implementation of the solution of linear equation with positive definite matrices and the computation
of the transitive closure of a graph on the ISA [4].

Convolution: Convolution is a fundamental image processing operation. It focuses on the
question how to combine the pixels of a local neighbourhood. The elementary combination of the
pixels in the neighbourhood is given by an operation which multiplies each pixel in the range of the
filter mask with the corresponding weighting factor of the mask, adds up the products (multiply-
add), and writes the sum to the position of the centre pixel:

M M M M
9ij = Z Z hnm - fing-m = Z Z hen,—m* fitngsm 435=0,...,N—1

n=—Mm=—M n=—M m=—M

This equation assumes an odd-sized mask hy m with 2M +1 x 2M -1 coefficients and an N x N
image f;;. In the following we will use the cyclic convolution, i.e. pixels f;_, j—m With ¢ —n or
j=m¢g{0,...,N — 1} are defined by the physically existing pixels f(i—n) mod N,(j—m) mod N -

Again, we first assume that N = 32 and 2M +1 < N. Suppose that fi_ss,;—pr and hiyprjom
have been loaded into processor P(i,5). The basic idea of the ISA algorithm is to consider a
superposition of (2M + 1)? frames of the input image and the filter mask. In iteration step
n,m,—M < n,m < M, each processor (i,5) has the elements f;in jim and Rin,j—m available
by using two row ringshifts or two column ringshifts and the coefficient h_p,_m is broadcasted from
the upper left processor to all other processors. Afterwards each processor P(i,5) computes the
multiply-add operation g;; = g; j + R—n,—m * fitn j+m in parallel. After (2M + 1)? such steps the
cyclic convolution of f and h is performed.

In image processing applications typical values for N and M are N = 1024 and M = 7. Because
the data volume of the input image (1 Mbytes for 8-bit pixels) is larger than the capacity of the
KPROC (128 Kbytes) the input image has to be partitioned and mapped onto the Pprocessor array.
There are a lot of possibilities of such mappings [19]. As an example, an entire row of 1024 pixels
can be mapped onto the processor array in a row-major way. Since it is possible to store more than
one pixel in each processor, several rows of the image can be processed simultaneously with the
additional benefit that local operations in the columns of the image can take place in one processor.
However, the introduced routing technique can be used for both mappings.

Similar routing techniques can be also applied in the case of other neighborhood operations in
image processing, as e.g. morphological operators, median filter, and wavelet transform [19].

Fast Fourier Transform (FFT): Fig. 5.2 shows the signal flow graph of the FFT of a sequence
of n points, here for n = 8. It consists of log(n) stages. In each stage, a complex multiplication with
some primitive root of unity, a complex addition, and a complex subtraction is performed at each
of the n points.

The output of each stage is permuted by interchanging the two halves of subsequences of length
2% before being input to the next stage. At the beginning, the sequence of the n points is permuted
according to the so called bit reversal permutation.

The implementation of a 2-dimensional FFT of size X  on the ISA consists of two subsequent
passes: first the rows are transformed and then the columns. Each row is mapped onto & Tows of
the ISA such that each processor stores two values.

In the case of n = 256, for instance, four rows of the processor array are needed for one row
of data. The complex roots of unity are precomputed and are loaded to the processor array when
needed. This load operation takes only a small constant number of instruction cycles since the values
can be broadcast along the columns of the ISA. The computation in each stage requires 4 (real)
multiplications and 6 (real) additions in each processor.

The implementation of the permutation between every two stages involves routing of data,
which is performed efficiently either within each row of the ISA (in the case of interchanging the two
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Fic. 5.2. Signal flow graph of an 8-point FFT.
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halves of subsequences of length < 64) or by interchanging complete rows of the ISA (in the case of
interchanging the two halves of longer subsequences). The interchanging of the C-register contents
of two halves of m processors is implemented by % ringshift operations. The initial bit reversal
permutation of the input values can be realised efficiently by combining it together with the input
of operands into the processor array.

Because of the two passes needed for transformation of rows for columns, the performance of
2D FFT in the conventional ISA implementations [4] was significantly affected by the time required
for input and output of intermediate results. But this fraction of computing effort can be reduced
on the KPROC to almost zero by the bank mechanism described in Section 3.

The similar routing technique as described for FFT can also used for the implementation of the
Discrete Cosine Transform (DCT) on the KPROC.

Filtered Backprojection: Tomographic reconstruction deals with the reconstruction of an
object from its projections [13]. The technique of CT scanners consists of passing a series of X-rays
through an object, and measuring the attenuation in these rays by placing a series of detectors on
the receiving side of the object. These measurements are called projections. For the collection of
projection data in the 2D plane two different modes are used: parallel beam scanning and fan beam
scanning (see Fig. 5.3). The goal of tomographic reconstruction is to obtain an image of a cross
section of the object from such a set of profiles. If this process is repeated at various heights along
the object, we obtain several 2D cross-sectional images, which can then be stacked one on the top
of another to get internal 3D volume visualisation of the object.

Because a finite number of angles and rays are taken from the CT scanner it is impossible to
reconstruct the analysed object exactly. This problem is mathematically described as the Inverse
Radon Transform [6]. Thus, only discrete approximations can be computed. The filtered backpro-
jection algorithm is currently the most used reconstruction method. It consists first of a filtering
operation and a following backprojection operation.

Filtering is needed to undo blurring effects due to the low pass nature of the backprojection
line integrals. Thus, a 1D filter is applied on each profile (projections of the same angle). Filtering
of parallel beams is performed by taking the Fast Fourier Transform (FFT) of each projection,
multiplying by the filter frequency response, and taking the inverse FFT. The implementation of
the FFT on the KPROC is described above.
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Fic. 5.3. Different scanning modes in CT': parallel beam (left) and fan beam (right).

fort:=0toT—-1do
fori:=0to N —1do
forj:==0to N-1do
p:=i-cosy + j-sinb;

9(i.3) = 9(i,3) + Fa(lp]) + () =) - (Po.([21) — Pa.(l2)))

FiG. 5.4. Algorithm Back.

Backprojection of parallel beams reconstructs each pixel by summing up one filtered projection
value of each angular sample. To reconstruct the pixel (=, y) the projection value Ps(z-cos §4-y-sin )
has to be added for the angle #. In general, z-cosf+y-siné is a non-integer. Thus, the needed value
has to be determined by interpolation between the two physically existing neighbouring projections.
Usually, linear interpolation provides the best trade-off between reconstruction quality and execution
time [6].

Filtered backprojection of fan beams can be reduced efficiently to the filtered backprojection
of parallel beams using the rebinning algorithm [5]. In order to produce a parallel implementation
of backprojection of an N x N image on an N x N ISA each processor reconstructs one pixel in
parallel. In Algorithm Back (see Fig, 5.4) we perform the accumulation operations for the complete
image slope by slope. In each iteration step ¢ only the projection values of one profile (f;) have to be
considered. In the [SA implementation these projections are broadcasted through the processor array
such that each processor gets the relevant projection values corresponding to its pixel. Afterwards
each processor can compute the interpolation and accumulation in parallel.

The easiest case is the backprojection of horizontal projections. Each projection Py(i),i =
0,...,N —1,0 = 0° is broadcast and accumulated along processor row i in parallel. By means of
shearing of the image all other projection angles can be reduced to horizontal backprojection, stch
that the efficient row broadcast operation can always be applied.

Shearing is an operation frequently used in scan line image processing [12]. The idea is to
reshape the image such that the actual scan line of arbitrary slope appears to be horizontal. This
is achieved by shifting the columns with increasing shift distances. Fig. 5.5 depicts the effect of
shearing: A straight line of 45° slope appears to be horizontal if the image is sheared by 45°.

Shearing an image by an angle 6, with 0° < § < 45°, is caleulated by shifting each column j by
the distance j-#. The implementation of shearing an N x IV image on an NV x N ISA has to be done
in place taking only integer values as shifting distances. Thus, shifting of column j is implemented
by ringshifting column j with the distance |- 8).

For an efficient implementation on the ISA ringshifting along large distances has to be avoided.
Thus, different projection angles are handled in increasing order and the ringshifting distance only
needs to incorporate the relative shear between neighbouring angles |j - 0] — |- Bs—1] for each
column j. The distances for relative shearing are known in advance. Thus, they are precomputed
and are loaded into the processor array when needed using the column broadcast operation.

H_...._..__‘__,.—.__'__'-—#—c—-—c——-c-—-l——c 4 —— e F£ & o+ —<— = 30 -
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Fic. 5.5. The central image depicts the left image sheared by 45°. The right tmage depicts the sheared image
stored in place using column ringshift.

Assuming, projections were generated using N rays for each angle and the reconstruction image
is of size N x N, the distance between every two rays of an angle #, with 0° < @ < 457 is ﬁ(ﬁ
with respect to each image column. Because row broadcasting is always applied for backprojection,
exactly one projection value has to exist between two neighboured pixels of each image column.
Thus, projection values between every two rays of an angle #, with 0° < # < 45°, are calculated with
distance 1 with respect to each image column. This operation is computed by linear interpolation
between the existing projections and takes only a negligible amount of work. Now, the indices for
linear interpolation between neighbouring projections of an angle # turn to a constant value for each
image column j: frac(j-8). Thus, they can be loaded into the processor array using the column
broadcast operation.

The accurulation step for each angle 4, with 0° < # < 45°, loads the projection values Pa(i — 1)
and Ps(—N+i—1) into each processor row i, for = 0, .. ., N, using row broadcast. The interpolation
indices Is(j) are loaded into the processor columns j, for j = 0,..., NN, using column broadcast.
Afterwards each processor gets also the projection values from its southern neighbour using the
column ringshift operation. B the impl tation of shearing was done in place there are
pixels in some processor rows 4,7 =0, ...; N —1, needing the projections Py(—N +1), Po(—N +i—1)
instead of Ps(i), Ps(i — 1). These are exactly the pixels, which lie above the 0" image row in
the original sheared image (see Fig. 5.5). Each processor stores this information in a flag register.
Depending on this flag each processor (i, j) decides either to take the projections Py(i), Ps(i — 1) or
Py(—N + 1), Ps(—N +1i — 1) for the linear interpolation and accumulation:

for all processors (i,j) do in parallel
if flag then P0:=Pg(i); P1:=Pa(i-1) - Py(i);
else PO:=Pg(-N+i)}; P1:=Pp(-N+i-1)-Pp(-N+i);
accu[i,jl:=acculi,jl + PO + Iz(j) « P1;

Because column ringshifting on the ISA is efficient only in one direction, the above implemen-
tation can only be used for projection angles #, with 0° < @ < 45°. Angles #, with —~45° < ¢ < 0°
are backprojected by mirroring the image columns and applying the same ISA program. The angles
between 45° and 90° (—45° and —90°) are calculated by applying the reflected ISA program (inter-
changing row and column selectors, changing west and north, east and south) for 0° to 45° (—45°
to 0°).

The implementation of backprojection on the KPROC has to partition the implementation for
an N x N ISA on a 32 x 32 ISA. In order to reduce computing time each processor can reconstruct
2 x 2 pixels instead of one. Thus, a 64 x 64 subimage is reconstructed in parallel in one step. The
complete N x IV image is reconstructed by % . :é-vi iteration steps.

The shearing technique together with accumulation can be also applied for the implementation
of the Hough transform (HT) and Morphological Hough transform (MHT) [16], which is a frequently
used method for line detection in image processing. The MHT is an example how a classical algorithm
(HT) is modified in order to improve its performance, while fitting of the ISA architecture,

5.2. Accumulation. If the instruction C:=C[WEST] is replaced by C:=C+C[WEST] (add the
contents of the C-register of the western neighbour to the own C-register), an accumulation over an
entire row can be performed with one instruction, which is identical to the parallel prefix computation
defined by © ® y = = + y. If this is done in all rows simultaneously, followed by the instruction
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C:=C+C[NORTH] executed in the last column, the sum of all C-register contents of the entire array is
obtained in the lower right processor.

Motion estimation: Video data compression techniques rely on the fact that in general two
subsequent frames are similar. Often the difference of the frames is that part of the first frame
has moved. In order to detect such a motion, the second frame is decomposed into 16 x 16-pixel
macroblocks (MBs), and each MB is compared at all possible positions in its neighbourhood on the
first frame. A motion vector (z,y) of a MB at position (4,7) in the second frame F( has been
detected, if it matches at position (i — =, 5 — y) in the first frame F®, i.e. if the sum of absolute
differences

i+16j+15
PIDIY VIS I
p=i ¢=j

is 0 or lies below a certain threshold.

An obvious implementation of this motion estimation technique is to store the two frames on the
processor array in such a way that each processor contains corresponding pixels F,S,lq) and F,Sg)z’q_y of
the two frames. Computing the absolute value of the difference of the pixels takes two instructions,
summation within 16 x 16-blocks takes another two instructions using the accumulation operation.
The preceding computation procedure is repeated until all candidate MBs are compared and the
final motion vector is obtained.

The KPROC architecture speeds up motion vector estimation in a threefold way: First, a
designated instruction absdiff computes two absolute differences of 8-bit pixels each within one
instruction clock cycle. Second, the ready flag allows stopping the process of motion estimation as
soon as one good enough candidate for the motion vector is found. Third, loading of the new MB
is speeded up by random input access. These three effects add up to a factor of at least 2.5 in
performance (see Section 6)

Histogram: Computing a histogram is a basic operation in image processing and computer
vision. It can provide useful information for segmentation and measuring the textual properties
of an image. Given an N x N image with h grey level values, the histogramming problem is to
compute the number of occurences of these values. Although, computing the histogram is a simple
task for sequential computers it cannot be efficiently implemented on conventional mesh-connected
SIMD-type parallel machines. This holds also for the ISA in its previous implementations [4, 20].
Since image processing is a key application area for fine-grained parallel architectures it is necessary
to overcome this problem.

KPROC solves it by combining indirect addressing with a two dimensional accumulation: Every
processor computes a counter R[I(%,5)] for each grey value I(i, ). The operation ADD R[I(i,j)],
1, R[I(i,j)] increments the appropriate counter. After processing of all tiles, a two-dimensional
accumulation operation for each grey value computes the sums of the counters and so the final
histogram.

5.3. Carry propagation. The difficulty of partitioning an addition in an array where only
neighbours can talk to each other is the carry propagation. The situation is easy as long as a
generated carry has to be passed to the next neighbour only where it can be added without generating
a new carry. But if it meets a sum value consisting of ones only, then an incoming carry produces a
new carry in the most significant digit. In the worst case this can hold for all blocks of the partitioned
addition, such that the carry-bit of the first block propagates through all other blocks up to the most
significant block where it is finally absorbed. Of course, the addition on the ISA must be solved
data independently, i.e. the number of instructions must not depend on the propagation distance of
the carries. Therefore, a parallel prefix computation based on the generate and propagate signals of
a carry-look-ahead-adder is used.

Suppose, every processor knows, whether it has to propagate an incoming carry from the left to
the right. Then it can set a flag (e.g. the zero-flag) to one if and only if it propagates an incoming
carry. Furthermore every processor can store the carry generated by itself in its communication
register. With the (parallel prefix) operation

(*) if zeroflag then C:=C[WEST]
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all carry-bits travel to the processor one position left of their destinations. This is again because
of the skewed execution of the instructions in the processor array. Suppose, processors (i, j~1), (%, ),
and (%, 5+ 1) have set their zero-flag to one (in order to propagate a carry) and processor (i, j —2) has
generated a carry-bit one. The instruction (*) is executed in processor (i, — 1) which replaces its
carry-bit (0) with that of processor (i, —2). In the next clock cycle the same instruction is executed
in processor (%, j), where again the own carry (0) is replaced by the value of the left neighbour (which
has been set to one in the previous instruction cycle). In the following cycle, processor (i,5 + 1)
replaces its carry with the one from the left neighbour, etc.

With the final assignment C:=C[WEST] in every processor all carries are at the place where they
are needed. C denotes the own communication register and C/WEST] the communication register
of the left (western) neighbour. Note that the carry propagation requires only two instructions,
although the carry-bits can travel over an arbitrary distance (of up to n — 1 processors of an n X n-
ISA).

Of course, this technique only works if no processor propagating a carry has generated a carry-
bit on its own. But this is obviously impossible, since the propagation condition is a sum consisting
of ones only, whereas the generating condition is a sum > 2™ where m is the number of bits to be
added in one blocks of the partition. If both conditions hold, the sum would be 2™+ — 1, which is
impossible because the operands are both < 2™ — 1.

To achieve the optimal speedup, the operands to be added or subtracted are distributed over
the rows of the KPROC. If the length of the operands is 512 bits, every processor in the row (of 32
processors) gets 16 bits. The least significant bits are stored in the leftmost and the most significant
bits in the rightmost processor of the row. For longer operands (e.g. 1024 bits), every processor
is responsible for more bits (e.g. 32 bits). If the length of the operand is smaller, it is useful to
divide the rows into pieces where every piece is responsible for one addition or subtraction. It is not
reasonable to store less than 16 bits per processor because the arithmetic units of the processors of
the KPROC perform one 16-bit operation within one clock cycle.

Now the addition is performed in the following way. Every processor has 16 bits of the operand
A in register RA and 16 bits of B in register RB. The operations

RSUM := RA + RB;
C := carry;

store the sum of RA and RB in RSUM and the carry-bit in the communication register C. Now
every processor must find out whether it has to propagate an incoming carry. This is the case if and
only if the value of RSUM is consisting of ones only. If RSUM has at least one zero, this will absorb
an incoming carry-bit. If the propagate condition holds, RSUM +1 is zero.

Now we can proceed as pointed out above with

if (RSUM + 1 = 0) then C := C[WEST];
RSUM := C[WEST] + RSUM;

completing the long addition. Note that the carry-bit generated in the final addition is redun-
dant.

In [17] is described how the carry propagation technique can be applied to the multiplication,
division (using the Newton-Raphson method), and modular multiplication of long operands (e.g.
2048 bits) on the ISA. The demand for long number arithmetic arises in the field of public-key cryp-
tography. Thus, the presented arithmetic leads to a high-speed implementation for RSA encryption
and decryption on the KPROC. Another cryptographic application that can use the same arithmetic
routines is prime number generation using the probabilistic Rabin-Miller test.

6. Conclusions. We have presented the architecture of the KPROC processor which is the
central processing unit of the first massively parallel system integrated on a single chip. The un-
derlying parallel model is the ISA which has been shown to be optimally suited for parallel prefix
computations. A collection of practical applications show the relevance of operations of this type to
a large variety of algorithms.

To show the effect of the new features of the KPROC architecture, Table 6.1 shows a quantitative
comparison of the instruction count for the presented parallel prefix applications on the Systola 1024
PC add-on board ISA implementation [4] and the KPROC chip.
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TABLE 6.1
Instruction count and speed up for parallel prefir applications on the Systola 1024 PC add-on boerd and the
KPROC chip. Because both architectures comprise a 32 x 32 ISA of bit-serial processors with 16-bit word length, the
table shows the effect of the new features of the KPROC.

Description of application Instruction count | Speedup
KPROC | S1024

"Matrix multiplication (64 X 64 matrices, IEEE 7160 7568 1.06

single)

Convolution (256 x 256 X 8-bit image, 3 X 3 4852 9024 1.86

filter mask)

FFT (256 x 256 image, IEEE single) 141824 242048 1.71

Backprojection (reconstructing a 256X 256 grid | 1447116 1562886 1.08
using 256 rays over 256 angles, IEEE single)

Motion Estimation (352 x 288 CIF frame, £7 144936 362763 2.50
pixel full search, worst case)

Histogram (256 X 256 X 5-bit) BD 26080 9.52
RSA" “encryption (512-bit encryption per 472320 521472 1.10

Processor row)

Because of its remarkable processing power of up to 24 giga instructions per second (with respect
to 16 bit operations) the main problem in the current KPROC implementation is the limited I/o-
bandwidth. The reason is on the one hand the pin limitation and on the other hand the memory
organisation. We can not do anything about the first but to cope with the latter it might be useful
to introduce a memory hierarchy to gain performance by reuse of data. A level one cache could be
integrated onto the KPROC chip. The cache must be global, i.e. every processor can access the
cache for data exchange.

A second disadvantage of the KPROC is the fixed instruction set. Since parallel prefix operations
can be executed fast only if their key instruction is contained in the instruction set, there are
some problems that can not take advantage from this technique, e.g. [2]. A possible solution
is the introduction of an instruction buffer. Instead of propagating each instruction immediately
after execution it is stored for one (or & fixed number of) instruction(s) in the local memory of
the processor. Now parallel prefix computations based on complex binary operations can also be
implemented in a fixed number of instruction diagonals. Recently, a totally different type of ISA
has been implemented as an accelerator unit for a videophone [20]. It will be interesting to observe,
if new ideas concerning the processor design will come up from this approach.
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