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Summary

Summary

In current programming languages like Pascal, several complex data structures are
available. These complex data structures simplify the design of algorithms used to
solve certain problems. The only data structure available in hardware is the one
dimensional array. All the other data structures have to be projected on this one
dimensional array. This projection has the following disadvantage. A function
performed on a data structure often implicates more than one change within the data
structure. For example an insert function can implicate that several data elements
move to another position within the data structure. Per clock cycle only one data
element within the one dimensional array can be accessed. Therefore, all the changes
within the data structure have to be performed sequential. The execution time of such
a function is dependent of the number of elements within the data structure.

In hardware parallelism can be used to perform lots of functions simultaneously.
Therefore the idea is proposed to implement the data structures in hardware. All the
changes caused by the execution of a function can be performed parallel, so the
functions can be executed in a constant number of clock cycles. Already hardware
implementations for a stack and a queue are designed. Now a design method has to be
developed that describes step by step how a data structure can be implemented in
hardware. The resulting hardware implementation will have to meet the following
design goals. The frrst goal states that it will have to perform the functions of the data
structure in a constant number clock cycles. The second goal states that it has to be
scalable in its width (the size of the data elements) and its depth (the number of data
elements).

In this master thesis report the development of such a design method is described. First
a design method is developed based on the design goals. This method is used to
implement several data structures. This method then is analysed. Based on the frrst
design method and its analysis a second design method is developed. Also this method
is used to implement several data structures. Then the method is analysed. Also this
method had to be adapted. This has led to a third design method. This method uses the
following approach. A model of the data structure is developed which describes how a
data element can be located within the data structure. The model also describes how
that locate information changes when a function is executed. This model then can be
implemented in hardware in three possible ways. The resulting hardware structure is
build of identical cells. These cells store a fixed amount of data. This data consists of a
fixed number of data elements and of some locate information. The functions
performed by the data structure are translated to actions performed by the cells. These
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Summary

actions are performed parallel by all cells, so the functions are executed in a constant
number of clock cycles. The width of a hardware implementation can be adapted by
adapting the storage space within a cell. The depth of a hardware structure can be
adapted by connecting the appropriate number of cells together.

During the development of the design method hardware implementations have been
found for a stack, a queue, several lists, a set, a tree and a graph. All these hardware
implementations meet the two design goals. They all have a better performance
compared to the software implementations, because they execute the functions in a
constant number of clock cycles (mostly one cycle). The following price has to be paid
for this improved performance. Per bit stored information the hardware
implementation needs (a lot) more hardware compared to the software
implementation.

Also two data structures, which are especially designed to support an application, are
implemented in hardware. The performance of the application is improved by those
hardware implementations. This, however, leads to application specific hardware
implementations which probably cannot be used for other applications.

The design method developed here is not completed yet. The path that has to be
followed is based on large steps which still use a lot of the designers feeling for the
subject, his or hers creativity and his or hers knowledge of hardware techniques to
implement certain functions. Therefore, the steps have to be refined, so a more
predefined path can be followed.
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Introduction
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Nowadays lots of problems can be solved with help of computers. To solve a problem
with a computer rust a mathematical model has to be found to describe the problem.
Then a solution has to be found in terms of that model. This solution is often an
algorithm. The algorithm uses data structures to store information related to the
problem. In current programming languages like Pascal, several complex data
structures are available. These complex data structures simplify the design of
algorithms used to solve the problems. The only data structure available in hardware is
the one dimensional array. All the other data structures have to be projected on this
one dimensional array. This projection has the following disadvantage. A function
performed on a data structure often implicates more than one change within the data
structure. For example an insert function can implicate that several data elements
move to another position within the data structure. Per clock cycle only one data
element within the one dimensional array can be accessed. Therefore, all the changes
within the data structure have to be performed sequential. The execution time of such
a function is dependent of the number of elements within the data structure.

At the section of digital information systems of the Eindhoven University of
Technology the idea is proposed to implement data structures in hardware. In
hardware parallelism can be used to perform all the changes caused by the execution
of a function simultaneously. The functions then can be executed in a constant number
of clock cycles.

An extra advantage is that the execution of the functions is perfonned by the hardware
implementation of the data structure itself. The execution is not an extra burden for the
processor (or controller) that uses the data structure. Therefore, the hardware
implementation can be seen as an individual block (figure 1.1). A processor (or
controller) can write (read) data elements to (from) the data structure via the data_in
(data_out) port. The processor (or controller) can instruct the data structure to perfonn
a function by feeding it with the proper opcode. The data structure will also generate
the necessary status information. Once a data structure is implemented in hardware it
can be seen as a basic hardware building block, like a register. Like all other basic
building blocks, the hardware implementation of the data structure should be scalable
in its depth (e.g. the number of data elements it can store) and in its width (e.g. the size
of the data elements stored by the data structure). The same basic design then can be
used in different situations.
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Hardware implementation of data structures

data_in ) I) data_out

DATA

STRUCTURE

opcode > MEMORY ) status

1\
" elk:en

Figure 1.1) A data structure building block

Already some attempts have been made to implement th~ stack and the queue in
hardware. Now a design method has to be developed that describes step by step how a
data structure can be implemented in hardware. The resulting hardware
implementation will have to meet the following two design goals. The frrst goal states
that it will have to perform the functions of the data structure in a constant number
clock cycles. The second goal states that it has to be scalable in its width (the size of
the data elements) and its depth (the number of data elements).
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Chapter 2 The master thesis~

The master thesis project

When data structures are implemented in software, the execution time of their
functions is often dependent of the number of data elements within the structure. This
is illustrated in figure 2.1.

3 8 9 11 19

before

Insert(5)

3 5 8 9 11 19

after

Figure 2.1) Array implementation of the ordered list

Here a ordered list is projected on the one dimensional array. The data elements now
can easily be located by their position. Inserting a new data element is not so simple.
First the correct insert position has to be detennined, to maintain the correct ordering.
Then all data elements after this position have to be moved one position to the right.
Finally the new data element has to be inserted in the correct position. The routine
given in figure 2.2 indicates how this can be implemented in software.

Clearly can be seen that the two loops together take O(length) time to execute. So the
execution time of this function is dependent of the number of elements within the list.
The actions performed during such a loop are very simple. During the first loop the
new data element only has to be compared to the contents of a position within the list.
During the second loop a data element is moved to the next position within the list.

A hardware implementation of this ordered list can use parallelism to reduce the
execution time to a constant number of clock cycles, preferably one. In this case it
means the hardware itself has to determine where to insert the new data element. Then
the new data element is moved to that position and the data element of that position
and all the data elements from that position on move one position to the right in
parallel. For this, extra hardware will be necessary to perform the moves and the
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Hardware implementation of data structures

detennination of the insert position. The action of a data element depends on the local
situation. So local control will be necessary.

INSERT(data, var length)

BEGIN
i := 0
REPEAT

i := i + 1
UNTIL (data<= ARRAY[i))
length := length + I
j := length
WHILE (j > i)

BEGIN
ARRAY[j] := ARRAYfj-l l
j := j - 1

END
ARRAY[il := data

END

{data = new data element
length = number of elements}

{find correct position}

{move elements to right}

{insert new data element}

Figure 2.2) Function insert in software

The attempts to implement the stack [Wie91l and the queue have led to similar
observations and ideas. Therefore it seems that the data structures can be impemented
in hardware by following the same design method. During this research period such a
design method has to be developed.

The design method will start of with the definition of a data structure. It wiII have to
result in a hardware design for that data structure. A data structure can be defined by
the following three points.
- A description of the data elements the data structure has to store.
- A description of the functions the data structure has to perfonn.
- A description of the boundary constraints which the data structure has to meet.
The design method then has to describe step by step how to construct a design to
implement this data structure in hardware. The resulting design has to meet the
following two design goals.
- A design has to be scalable in its width (the size of the data elements) and in its

depth (the number of data elements within the structure). This means that the
actual hardware implementation of a data structure is based on a basic hardware
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The master thesis project

design for that structure. This basic design only has to be adapted to the size of
the parameters.

- The functions have to be executed in a number of clock cycles independent of
the number of data elements within the structure.

Based on the results of the attempts to implement the stack and the queue, the
following can be expected. The functions that a data structure has to perfonn can be
described in (simple) actions for the data elements. These actions can be perfonned in
parallel, so the function is executed in a constant number of clock cycles. Local (or
distributed) control is necessary, because the actions that have to be perfonned depend
on the instruction and on the local situation. The price for the constant execution time
of the functions will be paid with extra hardware. Extra hardware will be necessary to
perfonn (simple) actions for the data elements, to detect the local situation and to
implement the local control unit.
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In this chapter the results of the search in literature for hardware implementations of
data structures are described. The idea to implement data structures in hardware seems
very new. Therefore very little result of this literature research was expected. Because
of this all ideas to implement a data structure other then in software were analysed.
The results are described in the next paragraphs.

3.1 The Massively Parallel Processor (MPP)
Current computers have two. major disadvantages. The ftrst disadvantage is the
separation between the processor and memory. A data element has to be moved to the
processor before it can be processed ~d often that element has to be transported back
to memory before another data element can be processed. The second disadvantage is
that the processor only can execute its instructions after each other. This sequential
execution is necessary when the operands of an instruction are dependent on the result
of a previous instruction. However it is possible to execute the instructions in parallel,
when they are not dependent of the results of other instructions. With the current
computers this is not possible.

The massively parallel processor is proposed as a design which does not have these
disadvantages [Pot85]. In this design every memory cell is equiped with a (small)
processor, so no data has to be moved in order to process it. All these processors then
can operate in parallel, and thus parallel execution of instructions is possible. A two
dimensional array is constructed of those processor and memory cell combinations.
These cells are able to communicate with their neighbour cells. All this is indicated in
ftgure 3.1. The actual implementation of the massively parallel processor is build of
cells with a simple one bit processors. All these processors execute the same
instruction at the same time (single instruction multiple data). Word oriented data is
processed bit by bit. Parallelism is only possible when the same instruction has to be
executed on all the data elements.

The massively parallel processor is not especially designed to represent data
structures. However it is possible to implement these data structures and their
functions on the MPP. Because of the parallel possibilities of the MPP the
performance of the data structures will be better compared to implementations on a
normal computer system. This hardware structure however has little relevance to our
research project. The concept there is that the hardware structure should be designed
to match the data structure, instead of projecting a data structure on an existing
hardware structure.
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I '1'

memory

TI
1..-

'----j ;-
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i-l,j+l

i,j-l

i,j

i,j+l

i+ l,j-l

i+l,j

i+l,j+1

Figure 3.1) One cell and an array of cells of the MPP

3.2 The connection machine
In [HiI8S] the concept of a connection machine is described. This concept states that
most data structures can be seen as a collection of data elements and the relations
between these data elements (figure 3.2).

PageS

Figure 3.2) Several data elements and their relations
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Operations on a data structure can be interpreted as independent but identical
operations on all or a subset of the data elements. In order to implement this concept in
hardware the following cells are proposed. First the cells must be able to store a data
element. Second they have to be able to perform several operations on the data
element they contain. A relation between data elements can be seen as a connection
between those elements. In theory the cells have to be able to setup a connection to
any of the other cells within the connection machine.

The connection machine is a design in which is tried to implement this concept. The
machine is constructed of identical cells. All cells consist of a processor with some
memory. The processor can perform several basic operations on the data in the
memory. It also can setup a connection with several other cells. This connection is not
a physical connection. It is set up via a communication network. This network is build
of identical cells. These are, like the cells of the massively parallel processor, placed in
a two dimensional array. Also these communication cells are connected to their direct
neighbours. One processor cell is connected to one communication cell. All this is
indicated in figure 3.3.

1'1'

memory

ill
processor

'111
/ -7 ~transport

,
unit

,
/ ~

JT cell i,j

i-l,j-l

i-l,j

i-l,j+1

i,j-l

i,j

i,j+l

i+l,j-l

i+l,j

i+l,j+1

Figure 3.3) A cell and an array of cells of the connection machine

The processor cells can now send messages via the communication network to other
cells. The communication network only transports messages. It does not set up a
permanent connection, like a telephone network. The advantage of this network is that
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it is not necessary to add more connections to a cell when the connection machine is
expanded. This network also has a disadvantage. The time to send a message from one
cell to another is dependent of the distance between cells and the amount of messages
in the network.

Also the connection machine is not especially designed to represent data structures. It
is however possible to implement a data structure and its functions on the connection
machine. Also here the performance of the data structure then will be better compared
to implementations on a sequential computer. This hardware structure has little
relevance to the research project for the same reason as given at the massively parallel
processor.

3.3 Data structure co-processors
The data structure co-processors are based on the following concept. A central
processing unit within a computer system should only be bothered with the processing
of data. It should not have to be concerned with the maintenance of a data structure
(how the data elements actualy are stored, updated, deleted, retrieved, etc, etc). This
maintenance has to be performed by a specially designed co-processor. This co
processor can be placed on chip with the standard memory or it can be placed at the
system busses like the DMA controller. The fIrst solution is described in [Mar90], and
examples of the other solution are given in [Geu89] and [Pis89].

This concept has the following advantages. First the central processing unit doesn't
have to be designed to perform complex address calculations. It also doesn't have to
load its registers for address offsets, pointers to data elements every time another data
element has to be stored, located, etc. The co-processor then can be designed to
support one or several data structures. This can be realised by adding a large register
set to it, so the co-processor can store the complete tables of several data structures.
Therefore its performance is not delayed by storing or loading registers. When the co
processors microcode is programmable, the co-processor can even be seen as a general
purpose data structure processor.

The disadvantage of this concept is that the co-processor can perform only sequential
memory accesses. Therefore if the execution time of a maintenance function used to
be dependent of the number of data elements within the structure, with the co
processor the execution time will still be dependent of the number of data elements
within the structure. This is the reason why this concept does not match the ideas
behind our research project.
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3.4 String processors
The string processors are based on the following concept. For several applications it
would be convenient when a string of characters can be located within a long string in
time dependent of the number of characters in the search string. To perform this
function a design is proposed by [Lee62] and adapted by [Lee63]. This design is build
of a row of identical cells. Every cell consists of a data register to store the character, a
register which represent the cells status and a control logic (figure 3.4). The cell can
compare its data register with the data on the databus, it can place its data on the data
bus and it can read the status of the neighbour cells. All the cells are fed with the same
opcode. The actual function performed by the cell depends on this opcode and the
local situation. The string processor is connected to a host computer which controls

the string processor (figure 3.5).

data

register

Figure 3.4)

HOST

The contents of a cell

opcode I-----l__----.,__--__--__--....--.....-~

status in
out

data It----l__----.,__--__--__--....--.....-~

Figure 3.5)

August 1992
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To search a string the following procedure is followed. First all cells are set 'inactive'.
Next all cells with a begin delimiter (a special character) are set to 'active'. Mter this
all cells containing the same character as the fIrst character searched for and whose
left neighbour is 'active', are set to 'active' and the other cells are set to 'inactive'. All
other characters in the search string are treated similar as the first. The search ends
with the search for an end delimiter.

Later the design is adapted so it also supports the possibility to read the data register of
the neighbour cells [Oai65]. Now it is possible to insert or to delete one or more
characters. For this the following procedure is followed. Only one cell can be active
with these operations. At insert, the active cell copies the character on the databus. The
cells before the active cell do nothing, the cells behind the active cell copy the data of
the left neighbour. At delete, the active cell and all cells behind it copy the character of
the right neighbour and all cells before the active cell do nothing.

The designs described in [Bro8l], [Fos80], [Lea86], [Lea9l], [Muk79], [Od085],

[Od088a] and [Od088c] all add extra features to the cells, describe similar cells or
describe how other structures could be projected on and computed with the cells. All
these designs are designed with the idea to process data instead of store to data.

The concept of the string processors matches the idea behind the master thesis report.
A special problem leads to a special hardware structure. However all these designs are
not developed with a special design method, so they only can be seen as another
example of what is possible with hardware especially designed to match a problem.
The idea to project other data structures on these designs contradicts to the idea of

designing a hardware structure for every data structure.
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In this chapter is described how the first design method is developed. This fIrst design
method has the characteristic feature that the structure of the resulting hardware design

resembles the structure of the data elements. With this approach a data structure is

transfonned into a hardware design via seven steps.

4.1 The ideas behind the first design method
A data structure has a width and a depth. These two parameters are defIned as follows.
The width is the size of the data elements the data structure has to store. The depth is
the number of data elements it has to store. One of the design goals states that the
hardware design of a data structure· has to be scalable. This means that the actual

hardware implementations of a data structure is based on a basic design for that data

structure. The basic design only has to be adapted to the size of the parameters. To
realise this the following idea is presented. Every data element will be stored in one
cell. So when an identical data structure with smaller or larger data elements has to be
implemented in hardware the cells will have to be adapted to store smaller or larger
data elements. When a data structure with more or less data elements has to be
implemented in hardware only the number of cells will have to be adapted. The

functionality of the cells will remain the same as well as the number of input and
output ports.

Figure 4.1) A list of data elements

The name 'data structure' already indicates that a data structure can be described by the
structure of its data elements. An example of such a structure is given in figure 4.1.
Here the data elements have a certain position relative to a certain reference point.
This is indicated by the numbering of the data elements. The position of a data
element can also be given relative to another data element within the structure. For
example element n is the successor of element n-l and the predecessor of

element n+1. This design method reserves for every data element a cell. The structure

of the cells in hardware is a copy of the structure of the data elements.
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Figure 4.2) Insert element K at position n

The data elements have to be moved to the proper position within that structure when

a function is executed. These functions can be described in terms of the positions. In
figure 4.2 the result of an insert instruction is given. The new data element becomes
the predecessor of element n and the successor of element n-l. Therefore element n
and all the elements with a position larger then n will move to a position one higher

than before. The second design goal states that preferably all functions are executed in

a number of clock cycles independent of the number of elements within the data
structure. This can be realised by perfonning all the necessary moves of the data

elements in parallel, preferably within one clock cycle. A hardware cell resembles the
position of a data element. This means that the data elements have to be moved to the
cell with the proper position within that structure, when a function is executed. To
execute all these moves in parallel, a cell has to be connected to all its possible sources
by a data bus. The number of data busses per cell has to be independent of the number

of cells within the design. This because the design of the cell should not have to be

altered when the number of cells within the hardware structure is altered. In figure 4.2

is indicated which data busses are necessary to perform the insert function. The new
data element can be moved to all the cells. Therefore a data bus from the input port to

all the cells is necessary. A data element can be moved from a cell to its successor.
Therefore a data bus from this cell to its successor is needed.

A cell has to perform a certain action when a function is executed. Also this can be

seen in figure 4.2. The cell with position n has to load the data element from the input

port. A cell with a position smaller than n has to hold its infonnation. A cell with a

position larger then n has to load the data element from its predecessor. In figure 4.2

clearly can be seen that not all the cells have to perform the same action when a
function is executed. The local situation also detennines the action the cell has to
perform. The local situation for the cells in figure 4.2 can be derived from the position

of the cell. Whether a cell contains data and/or whether the predecessor and/or

successor of the cell contain data are other examples of a local situation.

The actions, the cell has to perform, can be translated into control signals for the cell.
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The fmt design method

These control signals can best be generated by a local control unit, when a cell has to

perfonn an action dependent of the local situation. However when all cells have to

perfonn the same action the control signals also can be generated by a global control
unit.

The hardware implementation always has a fIXed number of cells. Therefore a
hardware implementation has to be able to indicate whether it is 'full' or 'empty'. It is
also possible the structure has to generate other status infonnation, for example the

number of data elements within the structure or an error signal. Also this status

infonnation should be generated in a number of clock cycles independent of the
number of data elements.

4.2 The steps of the first design method

A fIrst approach to transfonn a data structure into a hardware design is proposed. This

approach consists of seven steps. These steps are based on the ideas previously

described in this paragraph.

Step 1
Determine what data elements the cells have to store.

Step 2
Copy the structure of the data elements in hardware. This hardware structure

can best be indicated by a fIgure.

Step 3
Describe per cell (or per group of cells) what actions it has to perfonn when a
function is executed. With these descriptions the necessary data busses can be

found. Also this can be indicated by several fIgures.

Step 4
Describe how a cell can detect what the local situation is (or to what group of
cells it belongs).

Step 5
Describe how the hardware structure can generate the necessary status

infonnation.

Step 6
Define the contents of the cell in standard hardware components like registers
to store the data element, multiplexers to select the proper data busses.
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Step 7
Describe per function and per cell which control signals have to be generated

to perform a certain action.

In the next chapter, the hardware implementation of several common data structures

designed according to this method, is described. These data structures are the stack,

the queue, the list, the set, the tree and the graph.
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Chapter 5

Several data structures implemented with the fmt design method

Several data structures implemented
with the first design method

In this chapter several well known data structures are implemented in hardware with

the fIrst design method. Mter every implementation the hardware design is analysed.

Good hardware designs are found for the one dimensional data structures like the

stack, the queue, several lists and the set. The hardware designs for the tree and the

graph found with this method can not be implemented.

5.1 The stack (or LIFO)
A stack can be seen as a collection of data elements stacked on top each other. The top

element of the stack is the last data element added to the structure. This element
always has to be visible at the output port of the stack. The bottom element of the

stack is the fIrst data element added to the structure. An example of a stack is given in

fIgure 5.1. The stack has to be able to perform the following functions.

Reset

Nop
Push(x)

Pop

Mter this function the stack will be empty

Do nothing.
Places element x on the top of the stack. This element is
now the new top of the stack. This function is not allowed

when the stack is full.

Deletes the top of the stack (which is the last element

added to the stack). The next element on the stack will

become the new top of the stack. This function is not

allowed when the stack is empty.

The other name for the stack, last in frrst out or LIFO, easily can be explained by

looking at the possible flow of the data elements. The element that is added last to the

stack will be the frrst element to be deleted from it.

8000
Figure 5.1)

August 1992
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A stack with four elements

l'
tail
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5.1.1 The hardware design for the stack

In this example the stack will have to store characters. So the cells of the stack have to
store characters. The cells have to resemble the structure of a stack. As described
before the stack can be seen as a collection of data elements stacked on top of each

other. Therefore also the cells have to be stacked on top of each other. The cell at the
top of the hardware structure will be connected to the input and output port because all

the data elements are inserted at and deleted from the top of the stack. In figure 5.2

this hardware structure is given (rotated over 90 degrees). This figure is the basis for

the figures that indicate the execution of the stacks functions.

1 234 5 6

GGGGDD
1

head
1
tail

Figure 5.2) Hardware cells related to the top of the stack

Now has to be described what the cell will have to do when the functions of the stack
are executed. These descriptions are given in the next survey.

Reset
All cells will be emptied (figure 5.3).

Nop

All cells will do nothing.

Push(x)

All cells will load the data element of their predecessor. To perfonn this in
parallel a data bus has to be available from a cell to its successor. The first

cell will load the new data element. So a data bus has to be available from the

input port to the first cell (figure 5.4).
Pop

All cells will load the data element of their successor. Therefore a data bus

has to be available from a cell to its predecessor (figure 5.5).

Here clearly can be seen that all the cells always perform the same operations. The

cells thus do not have to be aware of the local situation. Therefore it is not necessary

to describe how a cell can detect the local situation.
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123 4 5 6

DDDDDD
Figure 5.3) Reset

1 2 3 4 5 6

Figure 5.4)

l'
head

Push(E)

1

out

2 3 4

l'
tail

5 6

l'
head

l'
tail

Figure 5.5) Pop

The stack has to indicate when it is 'full' and when it is 'empty'. There are two

possibilities to realise this. The fIrst possibility is to use a counter in a global control

unit. On 'reset' this counter will be set to zero. It will be incremented whenever a data

element is added to the structure and it will be decremented whenever a data element

is deleted from the structure. If the counter contains the value zero the stack is 'empty'.

If the counter contains the maximum value (this value represents the number of cells

the hardware structure contains), the stack is 'full'. The second possibility is to add a

flag to the cells, the fill flag. This flag will tell whether a cell contains a data element

or not. The stack will be 'empty' whenever the fIrst cell is 'empty'. The stack will be

'full' whenever the last cell in the hardware structure is 'full'. On 'reset' this flag will be

set to 'empty'. The flag is related to the data element within the cell so on 'push(x)' or

'pop' the flag of a cell will have to be moved to the same cell as the data element of a
cell will be moved to. When executing 'push(x)' the fust cell always has to load the

flag with 'full'. When executing 'pop' the last cell always has to load the flag with

'empty'. A hardware structure constructed of N identical cells is given in fIgure 5.6. In
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this figure the design with the fill flag is given. The fill status of the fust cell is the

empty status of the stack. The fill status of the last cell is the full status of the stack.

The fust and the last cell should be different from the rest because they respectively do

not have predecessor or a successor. However, by connecting the cells inputs to the

proper signals the fust and last cell can be identical to the rest.

opcode 1-----I.._--..--__-----......t-----7I

empty status
'full'
out
in

'ernttY'
full status

Figure 5.6) A hardware stack with N cells

Now the cells contents will have to be defined (figure 5.7). First a register is necessary

to store a character. This must be a master/slave type register, because the cell will

load a new data element while its old data element has to be available for another cell.

An extra bit is added to the character register to represent the fill flag. A multiplexer is

used to handle the selection between the data of the next cell and the data of the

previous cell.

opcode

status out~_--, ...---+-_--1 status next in

status out

'--+--+-1--4 data next in

'-----1_---------31 data out

data out

status previous in I---+------,

data previous in

Figure 5.7) A stack cell
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For all the cells the control signals are the same, so they can be generated by a global

control unit. The following control signals are necessary.

Reset
The fill bit has to be set to 'empty'.

Nop

The register has to hold its information.

Push(x)
The multiplexer has to select the data bus from the previous cell. The register

has to load a new data element and a new fill flag.
Pop

The multiplexer has to select the data bus from the next cell. The register has

to load the new data element and the fill flag.

5.1.2 The hardware design for the stack analysed
In this paragraph is analysed whether the design matches the design goals. The frrst

design goals states that the design has to be scalable. The design for the stack can
easily be adapted to the size of the data elements by changing the sizes of the data

register and the multiplexer within the cell. The design can be adapted to store any

number of data elements by connecting a sufficient number of cells together. The cells
do not have to be adapted when the number of elements within the stack changes.

Therefore it is possible to couple M hardware stacks of N cells to a stack of MxN cells

(figure 5.8).

opcode

empty status
'fun'
out
in

stack 1 stack 2 stackM
'empty'
full status

Figure 5.8) M stacks coupled as on big stack

The second design goal states that all the data structures functions should be executed
in preferably one clock cycle. This design matches this goal, because all the cells load

the proper data element in one clock cycle. The number of necessary data busses per

cell to realise this is not proportional to the number of cells within the structure.
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In [Bin91] the software implementation of the stack is analysed. There is found that
the functions of the stack can be executed in a constant number of clock cycles. The

hardware implementation of the stack reduces this to only one clock cycle. The price
for this improvement is a lot of extra hardware.

Here with help of the fIrst design method a hardware design for a stack is found which

matches the design goals. The improved perfonnance of this design over the software

implementation of a stack is not spectacular. The execution time of the functions is
reduced from a constant number of clock cycles to one clock cycle. Therefore this
design is only useful, when even that constant number of clock cycles is not wanted.

5.2 The queue (or FIFO)
Here two designs to implement the queue are presented. The fIrst one is designed with
the fIrst design method. The second is designed based on results found during the

design of the fIrst implementation. The two implementations will be described in the

following sub paragraphs.

8000
Figure 5.9)

l'
head

A queue with four data elements

l'
tail

A queue can be seen as a row of data elements with a head element and a tail element.

The head element is the fIrst element added to the structure. This element always has
to be visible at the output port of the queue. The tail element is the last element added
to the structure. An example of a queue is given in fIgure 5.9. The queue has to be able

to perfonn the following functions.

Reset
Nop
Write(x)

Read

Page 22

Makes the queue empty.

Do nothing.
Places element x after the tail element. Element x is now
the new tail element. This function is not allowed when the
queue is full.

Deletes the head element. The next element in the row is
now the new head element. This function is not allowed
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when the queue is empty.
Perfonns simultaneously a 'read' and a 'write(x)'.

Here also the other name, fIrst in fIrst out or FIFO, easily can be explained by the flow
of the data elements. The data element that is added fIrst to the queue will be the fIrst
element to be deleted from it.

5.2.1 The first design to implement the queue
In this example the queue will have to store characters. So the cells of the queue have
to store characters. The hardware has to be identical to the structure of the queue.
Therefore the cells have to be placed in a row. The data elements are inserted at the
tail of the queue. The data elements are deleted from the head of the queue. Therefore
there are two ways to look at the queue. Both will be given here. Figure 5.10
represents the one where the tail element is stored in the fIrst cell. Figure 5.15
represents the one where the head element is stored in the fIrst cell. The execution of
the functions has different effects on the two possible designs. Therefore they will be
described separately.

First the description belonging to the implementation with the cells relative to the tail

are given. Because the head element always has to be visible at the output port and
because all cells can contain the head element all cells have to be connected to the
output port. Figure 5.10 is the basic fIgure here.

Reset
All cells will be emptied (figure 5.11).

Nop
All cells will do nothing.

Write(x)
All cells will load the data element from their predecessor. Therefore data
busses from a cell to its successor are needed. The first cell will load the new
data element, thus a data bus from the input port to the fIrst cell is necessary
(figure 5.12).

Read
The last cell which contains data will be emptied (figure 5.13).

Read/write(x)
The fIrst cell will load the new data element and all cells containing a data
element will load the data element of their predecessor. The last cell
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containing data will load the data element of its predecessor. Its data element

is not loaded by another cell and is deleted (figure 5.14). Here no extra data

busses are needed.

1 234 5 6

GGGGDD
l'
tail

l'
head

Figure 5.10) Hardware cells related to the tail element

1 234 5 6

DDDDDD
Figure 5.11) Reset

1 2 3 4 5 6

l'
tail

Figure 5.12) Write(E)

1

o

l'out tail

Figure 5.13) Read

c

2

B

l'
hea

3 4

l'
head

5 6
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1 2 3 4 5 6

Figure 5.14) ReadlWrite(E)

Second the descriptions belonging to the implementation with the cells relative to the

head are given. Figure 5.15 is the basic figure here. Because the head element always

has to be visible at the output port, the rust cell is connected to the output port.

Reset
All cells will be emptied (figure 5.16).

Nop

All cells will do nothing.

Write(x)
The cell next to the last cell which contains a data element will load the new

data element. Because here the tail element can be in any of the cells, all the

cells have to be connected to the data bus connected to the input port

(figure 5.17).

Read
All cells will load the data element of their successor, thus the data element of

the rust cell will be deleted. Therefore a data bus has to be available from a

cell to its predecessor (figure 5.18).

Read/write(x)
All cells containing a data element except the last will load the data element

of their successor. The last cell containing a data element will load the new

data element (figure 5.19). Also here no extra data busses are needed.

1 2 345 6

GGGGDD
l'

head
l'
tail

Figure 5.15) Hardware cells related to the head element
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1 234 5 6

DDDDDD
Figure 5.16) Reset

1

A B

2

c

3

D

4

E

5 6

1-
in tail

Figure 5.17) Write(E)

out

1

B c

2 3

D

4 5 6

1
head

Figure 5.18) Read

1 2

1
tail

3 4 5 6

out B c D E

Figure 5.19) ReadlWrite(E)

Generally it is favourable to use as short as possible busses. Also it is favourable to

have short busses at the output of a logic device, so the device doesn't have to drive a

long bus. Therefore here will be chosen for the second design. In this design the input

bus is a long bus and the busses that have to be driven by the logic devices within the

cells are all very short (a bus to one of the neighbour cells).
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The description of the functions given above indicates that a cell in this design has to

be able to detect three conditions, in order to perfonn the proper action. First a cell has

to detect whether it contains data. Second a cell has to detect whether it is the last cell

containing a data element. Third a cell has to detect whether it is the successor of the

cell containing the last data element. A cell can detect the frrst condition with help of a

fill flag. This flag then indicates whether the cell is 'full' or 'empty'. How this flag is

controlled is given at the descriptions of the control signals of the cell. A cell can

detect the second condition by checking its fill flag and the fill flag of its successor. A
cell will be the last cell containing a data element, when its flag is set to 'full' and the

successors flag is set to 'empty'. A cell can detect the third condition by checking its

fill flag and the fill flag of its predecessor. A cell will be the successor of the last cell

containing a data element, when its flag is set to 'empty' and its predecessors flag is set

to 'full'.

Here has to be described how the hardware structure can generate the necessary status

infonnation. The queue has to indicate whether it is 'full' or whether it is 'empty'. The

queue is 'full' whenever the last cell in the structure is 'full'. The queue is 'empty'

whenever the frrst cell in the structure is 'empty'. Therefore the status infonnation of

the queue can be derived from the status information of the first cell and the last cell.

The hardware structure here also can be constructed of identical cells when the inputs

of the frrst and the last cell are connected to the proper signals (figure 5.20).

'emrtY'
full status

inJ--~__---__--__-----....-~

out

opcode I-----I__-----i ---__-----__..-----:I

empty status
'full'

Figure S.20) A hardware queue with N cells

Now the contents of the cell will have to be defined (figure 5.21). Here also a master/

slave type register is necessary to store the character. The fill flag is represented by an

extra, one bit master/slave type register. A cell has to be able to load data from its

successor or from the data bus connected to the input port. Therefore a multiplexer is

needed to handle the selection between the two.
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opcode

data next in

~---t status next in

'--__--t_--t-+---~status out

data out ~ ......

status out

status previous in

data in

Figure 5.21) A queue cell

The control signals for the hardware components in the cell differ for cells with

different conditions. So the control signals have to be generated by a local control unit

within the cell. These control signals are described here per function. When necessary

the control signals for the different conditions are described.

Reset
The fill flag has to be set to 'empty'.

Nop
The data and fill registers have to hold their information.

Write(x)
The successor of the last cell containing a data element. The fill flag has

to be set to 'full'. The multiplexer has to select the data bus connected to the

input port. The data register has to load the output of the multiplexer.

Other cells. The data and fill register have to hold their information.

Read
The fill flag has to be set to the condition of the fill flag of the next cell. The

multiplexer has to select the data bus from the next cell. The data register has

to load the output of the multiplexer.
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Read/write(x)

The last cell containing a data element. The fill register has to hold its

information. The multiplexer has to select the data bus connected to the input

port. The data register has to load the output of the multiplexer.

The cells containing a data element. The fill register has to hold its

information. The multiplexer has to select the data bus connected to the next

cell. The data register has to load the output of the multiplexer.

The empty cells. The fill and data register have to hold their information.

5.2.2 The first hardware design for the queue analysed
Also the design of for the queue can easily be adapted to the size of the data elements

by changing the sizes of the data register and the multiplexer. The design can be

adapted to store any number of data elements by connecting sufficient cells together.

The contents of a cell does not have to be adapted when the number of elements

within the queue changes. Therefore it is also with this design possible to construct a
big structure out of several smaller ones (figure 5.22).

opcode

empty status
'full'
out
in

queue 1 queue 2 queueM 'empty'
full status

Figure 5.22) M queues coupled as one big queue

This design also matches the second design goal. All the cells load the proper data

elements within one clock cycle when a function is executed. The number of

necessary data busses per cell remains constant for structures with different numbers

of cells.

In [Bin91] the software implementation of the queue is analysed. There is found that

the execution of the functions of the queue all need a constant number of clock cycles.

So the advantage of the hardware implementation of the queue is limited to reducing

the execution of the functions to one clock cycle. This improvement has to be paid

also here with extra hardware.

Also here the first design method has led to a hardware design that matches the design
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goals. The improved perfonnance of this design over the software implementation is

also here not spectacular. The execution time of the functions is reduced from a

constant number of clock cycles to one clock cycle. Therefore also this design is only

useful, when even that constant number of clock cycles is to high.

5.2.3 The second design to implement the queue
In the previous paragraph is described that for a hardware design it is always

favourable to use only short busses. In that paragraph also two possible

implementations for the queue are mentioned. First the implementation with the tail

element in the first cell and second the implementation with the head element in the

fIrst cell. Also can be seen that the first implementation will lead to short busses when

executing 'write(x)' (fIgure 5.12), the second implementation will lead to short busses

when executing 'read' (figure 5.18). For short data busses both designs should be

combined to one. How this can be realised is shown in figure 5.23. The structure of the

cells given in figure 5.23 does not resemble the structure of a queue.

1"
head

Figure 5.23) The two short data bus implementations combined

How does this hardware structure have to be filled. This can best be analysed by

executing first several 'write(x)' functions followed by executing several 'read'
functions. Start with the empty queue. When executing 'write(x)', x is the first data

element in the queue. This first data element is the head element as well as the tail

element of the queue. The head element always has to be visible at the output port.

Therefore element x has to be stored in the first cell of the bottom part. This and the

execution of several other 'write(x)' functions is indicated in figure 5.24. Also the

necessary data busses are given in that figure. The execution of several 'read' functions

is indicated in figure 5.25. In this figure also the necessary data busses are given.

Finally the execution of a 'read/write(x)' functions for several different situations is

indicated in figure 5.26. For this function no extra data busses are necessary. The

design now only consists of short busses for the data.
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write(B)

write(D)

Several data structures implemented with the f1I'St design method

write(A)

write(C)

write(E)

Figure 5.24)

August 1992

Several executions of 'write(x)'
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basis read

read read

read read

Figure 5.25) Several executions of 'read'

basis read/write(E)

basis read!write(F)

Figure 5.26) Two possible situations when executing 'read/write(x)'
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The cells in this design are not identical anymore. The cells of the bottom part have
three different input ports, the cells of the top part only have one. The hardware

design, however, needs identical cells. This can be realised by defIning a new cell with

space to store two data elements (fIgure 5.27). One space represents a cell of the
bottom part and the other space represents the cell of the top part, above the cell of the
bottom part. A cell will be 'empty' when both its spaces don't contain data. A cell will
be 'full' when both spaces do contain data. A cell will be 'half full' when only its
bottom space contains data.

Figure 5.27) The new cell with the top space and the bottom space

Here the fIrst design method can be used again from step 3. At step 3 has to be
described per cell what action it has to perfonn when a function is executed. The
necessary data busses are already given in the fIgures which indicate the execution of
the functions.

Reset
All cell will be emptied.

Nop
All cells will do nothing.

Write(x)

Three situations can be identifIed here. A cell will do nothing when it is
'empty' and its predecessor is not 'full'. A cell will load the data element from
its predecessor in its bottom space and set itself to 'half full' , when it is •empty'

and its predecessor is 'full'. A cell will load the data element from its

predecessor in its top space and set itself to 'full', when it is not 'empty'. These
situations can be seen in figure 5.28.

Read
Here four situations can be identified. A cell will do nothing, when it is
'empty'. A cell will set itself to 'empty', when it is 'half full'. A cell will load
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the data element of its top space in its bottom space and will set itself to 'half

full', when it is full and its successor is 'empty'. A cell will load the data

element of its successor, when it is 'full' and its successor is not 'empty'. These

situations can be seen in figure 5.29.
Read/write(x)

Also here three situations can be identified. A cell will do nothing, when it is
'empty'. A cell will load the data element of its predecessor, when it is
'half full'. A cell will load the data element of its top space in its bottom space
and the data element of its predecessor in its top space, when it is 'full' and its
successor is 'empty'. A cell will load the data element of its successor in its

bottom space and the data element of its predecessor in its top space, when it

is 'full' and its successor is not 'empty'. These situations can be seen in
figure 5.30.

Two fill flags are necessary to indicate the fill status of the two spaces, one flag for the
bottom space and one for the top space. With these two flags a cell is able to check
whether it is 'full', 'half full' or 'empty'. A neighbour cell can check whether a cell is

'empty' by checking the cells bottom flag. It can check whether the neighbour cell is

'full' by checking the cells top flag.

basis write(D)

basis write(E)

Figure S.28) The three situations when executing 'write(x)'
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basis read

Figure 5.29) The three situations when executing 'read'

basis read/write(D)

basis read/write(E)

Figure 5.30) The three situations when executing 'read/write(x)'

The hardware structure has to indicate whether it is 'full' or 'empty'. The queue will be

'full', when the last cell is 'full'. The queue will be 'empty', when the fIrst cell is

'empty'. The hardware structure can be constructed of identical cells with the fIrst and
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last cell connected to the proper inputs and outputs (figure 5.31).

opcode t-----1__--....-- -----__t--~

empty status
'full'
out
in

'eI11(Xy'

full status

Figure 5.31) A hardware queue with N cells (= 2xN data elements)

The contents of the cell are given in figure 5.32. For both the spaces a master/slave
type register is necessary. For the fill flags two one bit registers are necessary (in this
design not connected to the data element registers). A multipl~xer is needed to handle
the selection between the three possible data sources of the bottom register.

opcode

full status

control unit

,---.;---'¥-----1 empty status next inempty status

full status previous in r------7l---""""l""".........~

previous in ~t-----., __-----t-;-----~top out

bottom out f-----...... ~_-tnextin

Figure 5.32) A queue cell
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Also here the control signals differ for cells with different conditions, so the control
signals have to be generated by a local control unit within the cell. Now these control
signals are described per function. When necessary the control signals for the different
conditions are described. When no action is specified for a register it will hold its
information.

Reset
Both the fill registers will be set to 'empty'.

Nop
All the registers will hold their information.

Write(x)

Empty cell. All the registers will hold their information.

Half full cell. The bottom fill register will be set to 'full'. The multiplexer will
select the data bus connected to the predecessor. The bottom data register will
load the multiplexers output.
Not empty cell. The top data register will load the data element of the
predecessor.

Read
Empty cell. All the registers will hold their information.
Half full cell. The bottom fill register will be set to 'empty'.

Full cell, empty successor. The top fill register will be set to 'empty'. The
multiplexer will select the output of the top register. The bottom data register
will load the output of the multiplexer.
Full cell, not empty successor. The multiplexer will select the data bus

connected to the successor. The bottom data register will load the output of
the multiplexer.

Read/write(x)

Empty cell. All the registers will hold their information.
Half full cell. The multiplexer will select the data bus connected to the
predecessor. The bottom data register will load the output of the multiplexer.
Full cell, empty successor. The top data register will load the data element of
the predecessor. The multiplexer will select the output of the top register. The
bottom data register will load the output of the multiplexer.
Full cell, not empty successor. The top data register will load the data

element of the predecessor. The multiplexer will select the data bus connected

to the successor. The bottom data register will load the output of the

multiplexer.
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5.2.4 The second hardware design for the queue analysed
This hardware design matches the fIrst design goal. The width of the design can be

scaled by changing the sizes of the data registers and the multiplexer. The depth of the
design can be scaled by connecting suffIcient cells together. For every two data

elements only one cell is needed. The contents of a cell does not have to be altered.

Therefore it is possible to construct a larger structure out of several smaller ones
(fIgure 5.33).

opcode

empty status
'full'
out
in

queue 1 queue 2 queueM 'empty'
full status

Figure 5.33) M queues coupled as one big queue

This hardware design also matches the second design goal. All the functions are
executed within one clock cycle. The number of inputs and outputs per cell is fIxed for
differently sized structures.

The two hardware designs for the queue have the same functionality. Therefore the

second hardware design has the same advantages over the software implementation as
the fIrst hardware design. Both the designs are useful in the same situations.

The second hardware design for queue is only partly constructed with help of the fIrst
design method. The structure of the data elements is not simply copied in hardware.

First is analysed what the structure of the cells should be, when the necessary data

busses all are short. Then the identical cells are defIned. From this point the fIrst

design method is used to construct the hardware design. Therefore other methods to
fmd the identical cells shoud be added to the fIrst design method. Here can be seen
that the tail part of the fIrst design method still can be useful to construct the hardware

design ones the identical cells are defmed.

5.3 The list
Here three examples of a list will be presented, a double linked list, a random access

list and an ordered list. Before describing the three examples separately, the common

features will be discussed. A list can be seen as a row of data elements. Again
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characters are the data elements in these examples. The data elements of the list all can

be referenced by the position they have within the row. Therefore the cells of the
hardware design will resemble a position within the list structure. Thus the fIrst data

element of the list will be stored in the fIrst cell. the second data element of the list
will be stored in the second cell. etc. (fIgure 5.34).

1 234 S 6

GD[j[JDD
Figure 5.34) The basic implementation of the list

5.3.1 The double linked list
This list is based on the following idea. The data elements can only be accessed by a
pointer. The pointer can point to all the data elements and to the frrst empty space
behind the list. The pointer can be moved through the list in three ways. First it can be

set to point to the frrst element. Second it can be set to point to the next data element
within the structure. Third it can be set to point to the previous data element within the

structure. Inserting. deleting or updating data elements only can take place at the

pointer. The data element the pointer points to always has to be visible at the output

port. The double linked list has to be able to perform the following functions.

Reset

Nop
First

Next

Previous

Insert(x)

August 1992

Makes the list empty, set the pointer to point to the frrst
empty space behind the empty list.

Do nothing.

If the list is empty, the pointer is set to point to the fIrst

empty space behind the empty list. Otherwise the pointer is

set to point to the frrst data element.

The pointer is set to point to the next data element in the
list. This function is not allowed when the pointer points to

the frrst empty space behind the list.

The pointer is set to point to the previous data element in
the list.

Inserts element x before the element the pointer points to.

The pointer points to the same position as before. This

function is not allowed when the list is full.
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Delete

Replace(x)

Deletes the data element the pointers points to. The pointer
points to the same position as before. This function is not
allowed when the pointer points to the fIrst empty space

behind the list (this also includes the case of the empty

list).

Replaces the data element the pointer points to with
element x. This command is not allowed when the pointer

points to the fIrst empty space behind the list.

5.3.1.1 The hardware design for the double linked list

Already in paragraph 5.3 the structure of the cells of the hardware design is described.

This structure is given in fIgure 5.34. This fIgure can be seen as the basic fIgure for the

description of the functions.

Now has to be described what actions the cells have to perform when the functions of

the double linked list are executed. The descriptions for the functions fIrst, next and
previous are not given jet because they have no effect on the data elements. After

these descriptions the necessary data busses are described.

Reset
All cells will be emptied.

Nop
All cells will do nothing.

Insert(x)
A cell before the pointer will do nothing. The cell the pointer points to will

load the new data element from the input port. A cell behind the pointer will

load the data element of its predecessor (fIgure 5.35).

Delete
A cell before the pointer will do nothing. The cell the pointer points to as well

as a cell behind the pointer will load the data element of its successor. The

data element of the cell the pointer points to will not be loaded and therefore

will be deleted (fIgure 5.36).

Replace(x)

The cell the pointer points to will load the new data element from the input
port. The other cells will do nothing (fIgure 5.36).
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1

pointer

2 4, 3 4 5 6

in

Figure 5.35) Insert(J)

1

pointer

2 4, 3 4 5 6

L

Figure 5.36) Delete

1

L I

pointer

2 4, 3

F T

4 5 6

in

Figure 5.37) Replace(F)

1 2 3 4 5 6

out

Figure 5.38) The necessary data busses

The following data busses are needed to move all data elements in parallel. To move a

data element to and from a successor or a predecessor data busses are needed to and
from the successor and the predecessor. The pointer can point to any cell in the

structure. Therefore, all cells have to be connected to the data bus connected to the
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input port as well as the data bus connected to the output port (figure 5.38).

A cell has to be able to detect three conditions. First it has to detect whether it is
before the pointer. Second it has to detect whether it is the cell the pointer points to.
Third it has to detect whether it is behind the pointer. For this a pointer flag can be
used. The pointer flag of the cells before the pointer will be set to 'before'. The pointer

flag of the other cells will be set to 'after'. A cell can detennine whether it contains the

pointer by looking to its pointer flag and the pointer flag of the previous cell. Only
when its flag is set to 'after' and the previous cells flag is set to 'before' the pointer
points to that cell. The functions reset, first, next and previous have the following

influence on the pointer flag.

Reset, First
All cells will set their pointer flag to 'after'.

Next
A cell will load the pointer flag of its predecessor.

Previous
A cell will load the pointer flag of its successor.

1 2 3

pointer

4 J, 5 6

'pointing to first empty cell'

Figure 5.39) The signal to indicate whether the pointer points to the first
empty cell behind the list

The hardware structure has to generate the following status information. First it has to
indicate whether it is 'full' or 'empty'. The list is 'full' whenever the last cell is 'full'.
The list is 'empty' whenever the fust cell is 'empty'. This can be realised as before with
a fill flag. Second the list has to indicate whether the pointer points to the fust cell

behind the list. A cell can determine this condition by detennining whether it contains

the pointer and checking its fill flag. H the cell is 'empty' and it contains the pointer,

the cell has to set a 'pointing to fust empty cell' on the proper output port. Therefore all

cells need to be connected to that output port (for example by a wired or construction,
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figure 5.39). In figure 5.40 an example of a list structure is given. Also here the first
and last cell are identical to the rest when the proper signals are connected to their
input ports.

'after'
pointer in last cell
'empty'
full status

pointer in first cell
'before'

empty status
'full'

inl---+-ta_--+--<__--+-....------I--4 ~
out~ a-------j__-- -----_ta_-____l

first empty cell signal~-__f--- a-------j__-----__l------I

opcode 1--_t-'+--a-I~-""-+--------1a+-~

Figure 5.40) A hardware list with N cells

opcode fIrst empty cell signal

.......-1- -1 next pointer status

'\........I----"lI pointer status

'--1--+--+-----1 next fill status

'--------j__--I__--+-~--~fill status

fill status E-----,.

previous fill status 1--_..../

pointer status (--+----I_ _t__--..

previous pointer status 1-----+_--,

next data in

inout

'--__.... -+-_+_~data out

data out ~---..

previous data in

Figure 5.41) A double linked list cell
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Now the contents of the cell will have to be defined (figure 5.41). To store the

character a master/slave type register is necessary. The data can come from three
possible sources, the previous cell, the next cell and the data bus connected to the
input port. A multiplexer is used to handle the selection between the three. The pointer
flag and the fill flag are each stored in a one bit master/slave type register. The cell has
to be able to set its data on the data bus connected to the output port. A buffer is used
to realise this.

Also here the control signals have to be generated by a local control unit, because they

differ for cells with different conditions. The control signals are described here per
function. When necessary the control signals for the different conditions are described.

Reset, First
The fill register will be set to 'empty', the pointer register will be set to 'after'.

Nop

All registers will hold their information.
Next

The pointer register will be set to the pointer status of the predecessor.

Previous
The pointer register will be set to the pointer status of the successor.

Insert(x)

A cell before the pointer. All registers will hold their information.

The cell containing the pointer. The fill register will be set to 'full'. The

multiplexer will select the data bus connected to the input port. The data

register will load the output of the multiplexer.

A cell behind the pointer. The fill register will be set to the fill status of the
predecessor. The multiplexer will select the output of the predecessor. The
data register will load the output of the multiplexer.

Delete

A cell before the pointer. All registers will hold their information.

The other cells. The fill flag will be set to the status of the successor. The
multiplexer will select the output of the successor. The data register will load
the output of the multiplexer.

Replace(x)

The cell containing the pointer. The fill flag will be set to 'full'. The
multiplexer will select the data bus connected to the input port. The data

register will load the output of the multiplexer.

The other cells. All registers will hold their information.
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5.3.1.2 The hardware design for the double linked list analysed
This hardware design matches both the design goals. Also a large structure can be

constructed out of several smaller ones. How this can be realised is indicated in
figure 5.42.

fIrst empty cell signal

opcode

pointer in fIrst cell
'before'

empty status
'full'

in
out

list 1 list 2 listM
'after'
pointer in last cell
'eJ1W'
full status

Figure 5.42) M double linked lists coupled as one big double linked list

This double linked list resembles the pointer implementation of the list in software. In
[Bin91] this software implementation is analysed. There is found that the functions of
the double linked list can be executed within a constant number of clock cycles. The
hardware implementation of the double linked list reduces these execution times to

one clock cycle. Therefore this design is only useful, when the one clock cycle per

function is necessary. Good examples of how a cell can detect certain local situations

can be found in this design. The design does not need adaptations of the first design
method.

5.3.2 The random access list
The data elements of the random access list all can be accessed directly by a reference
to their position within the list. The random access linked list has to be able to perfonn

the following functions.

Reset
Nop
Append(x)
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Makes the list empty.
Do nothing.

Appends element x behind the list. This function is not
allowed when the list is full.
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Insert(p,x)

Delete(p)

Replace(p,x)

Read(p)

Inserts element x at position p. This function is not allowed
when the list is full. An error signal will be generated

whenever is refered to a position outside the list.

Deletes the data element at position p. An error signal will

be generated whenever is refered to a position outside the

list (this also includes the case of the empty list).

Replaces element x at position p. An error signal will be
generated whenever is refered to a position outside the list.

Sets the data element of the position p on the output port.
An error signal will be generated whenever is refered to a

position outside the list.

5.3.2.1 The hardware design for the random access list
Also here the in paragraph 5.3 described structure of the cells of the hardware design

is used. This structure is given in figure 5.34. This figure can be seen as the basic

figure for the description of the functions.

Now has to be described what the effect is of the execution of the functions. These

descriptions are given in the next survey. After this survey the necessary data busses

are described.

Reset
All cells will be emptied.

Nop
All cells will do nothing.

Append(x)

The first cell behind the list will load the new data element. The other cells

will do nothing (figure 5.43).

Insert(p,x)

The cells before the cell with position p will do nothing. The cell with

position p will load the new data element from the input port. The cells after

the cell with position p will load the data element of their predecessor

(figure 5.44).

Delete(p)

The cells before the cell with position p will do nothing. The other cells will

load the data element of the successor (figure 5.45).
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Replace(p,x)
The cell with position p will load the new data element. The other cells will

do nothing (figure 5.46).
Read(p)

The cell with position p will place its data element on the output port
(figure 5.47).

L

1

I

2

s

3

T

4

s

5 6

in

Figure 5.43) Append(S)

Figure 5.44) Insert(3,J)

Figure 5.45) Delete(2)

Figure 5.46) Replace(4,P)
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out

Figure 5.47) Read(1)

The following data busses are needed to move all data elements in parallel. To move a
data element from the predecessor or the successor data busses are needed to and from
the successor and the predecessor. All cells have to be able to load the new data
element from the input port and place their data element on the output port. Therefore
all the cells have to be connected to the data bus connected to the input port as well as
the data bus connected to the output port (figure 5.48).

out

Figure 5.48) The random access list and· the necessary busses

In this design a cell has to be able to determine whether it has the given position,
whether it is before the cell with the given position or whether it is after the cell with
the given position. An equal to comparator can be used to check whether a cell has the
given position. Therefore the cells will have to store their position. The cells before

the cell with the given position all have a position smaller than that cell. The cells after

the cell with the given position all have a position greater than that cell. An greater
than comparator in combination with the equal to comparator can be used to check
these two conditions. When the greater than comparator indicates 'greater', the position
of the cell is greater than the given one. When the greater than comparator indicates
'smaller' and the equal to comparator indicates 'not equal' the position of the cell is
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smaller than the given one. The given position has to be available to all the cells.
Therefore, all the cells have to be connected to the data bus connected to the position

input port (also indicated in figure 5.48).

The hardware structure has to be able to address the first empty cell behind the list. It
also has to be able to determine whether the given position is within the list. Also the
'full' and 'empty' state have to be indicated. There are two possibilities to realise all
this. The first possibility is to use a counter in the global control unit. On reset this
counter will be set to one, thus pointing to cell one (is the first empty cell behind the

empty list). The counter will be incremented when a data element is added to the list
and decremented when a data element is removed from the list. Therefore the counter
always points to the first empty cell after the list. The given position is within the list,
when it smaller than the counter. This can be checked with a smaller than comparator.
The list is 'empty', when the counter is one. The list is 'full', when the counter equals
the number of cells within the structure plus one. The second possible way is to use a
fill flag. A cell can check whether it is the first empty cell after the list by checking its
fill flag and the fill flag of its predecessor. Only if its flag is set to 'empty' and the
predecessors flag is set to 'full' the cell will be the first empty cell after the list. The

given position is not within the list, when it selects a cell with its fill flag set to
'empty'. That cell then will have to generate an error signal which has to be connected
to the proper output port (for example by a wired or construction). The list will be
'full', when the last cell is 'full'. The list will be 'empty', when the first cell is 'empty'.
Also here a hardware structure of N cells can be constructed of identical cells. The
frrst and last cell again have to be connected to the proper signals (figure 5.49).

illegal position ~ "" --I

position t---_H--_t+-- t+-------il.-t-~

opcode I--__....-+-+- ....-+-+-----tl..-;-+------I_I-I-~

empty status
'full'

inl----+ I----j_t--I~I__----.........__~
out~ t-- I---II-------t__-__1

Figure 5.49) A hardware list with N cells

'empty'
full status
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Now the contents of the cell has to be defined (figure 5.50). To store the character a

master/slave type register is necessary. The data can come from three possible sources,

the previous cell, the next cell and the data bus connected to the input port. A

multiplexer is used to handle the selection between the three. The fill flag is

represented as one bit master/slave type register. The position of the cell also has to be

stored. Because this position is static it can be stored in a ROM type register. The data

of this register has to be compared to the given position with an equal to comparator

and a greater than comparator. The cell has to be able to set the data element on the

data bus connected to the output port. A buffer is used to realise this.

opcode position illegal position

fill status l---..,.

previous fill status 1---..../

data out ~-----.

previous data in

'---+--+-+-----f next fill status

'----I a---+-+-+---~fill status

next data in

'-- -----+---I-~data out

out in

Figure 5.50) A random access list cell

Also here the control signals have to be generated by a local control unit. The exact

signals can easily be derived from the descriptions of the execution of the commands.
It would be to long to describe them here separately.
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5.3.2.2 The hardware design for the random access list analysed
The hardware design for the random access list can be adapted to the size of the data
elements by changing the sizes of the data register and the multiplexer. The design can
be adapted to store any number of data elements by connecting sufficient cells
together. The maximum position then will differ per hardware implementation. The
size of the register to store the position then has to be adapted. Therefore it is not
possible to construct a large structure out of several small one simply by connecting
them together.

This design also matches the second design goal. All the cells load the proper data
elements within one clock cycle when a function is executed. The number of
necessary data busses per cell to realise this remains constant for structures with
different numbers of cells.

In [Bin91] two software implementations of the random access list are analysed. In the
fIrst implementation the list is projected on one dimensional array. In the second
implementation every data element has two pointers. One pointer points to the
predecessor and the other pointer points to the successor of the data element. During
the analysis is found that not all the functions of the random access list can be
executed within a constant number of clock cycles. Some functions need a number of
clock cycles dependent of the number of elements within the list. The hardware
implementation of the random access list executes all functions in one clock cycle.
Therefore the performance of this design is better compared to the performance of the
software implementations. This can be realised because the hardware structure uses

parallelism to insert or delete a data element and simultaneously move other data

elements to the proper position within the list. The hardware design always is more
useful then the software implementations because of the better performance of this
design.

The hardware design always is more useful then the software implementation. Of
course this design has its price. This can clearly be seen when looking at the contents
of a cell. Here not only a data element has to be stored, but also the position of the cell
has to be stored. This position has to be compared to a given position by an equal to
comparator and a greater than comparator. These two comparators are large and
complex hardware components. Therefore the hardware per bit stored information
ratio will be very unfavourable.
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The equal to comparators in the cells perform the address selection of the cells. The
greater than comparators in the cells perform also some sort of address selection. Here

is determined whether a cell has a position lower or higher than the given position.

Perhaps it is possible to perform these actions by some sort of address decoder, which

is not constructed of one (or two) comparator(s) per position. When the cells do not

have to perform these actions, they do not have to store their position. The cells then

will be exactly the same for hardware implementations of different depths. Then it will

be possible to construct a large hardware structure out of several smaller ones, with

only simple external address decoding added to the design.

5.3.3 The ordered list
In this list all the data elements are always stored in sorted order. The list can be read

like the random access list. New data elements are directly inserted into the correct

position within the list. The ordered list has to be able to perform the following

functions.

Reset

Nop

Insert(x)

Locate(x)

Delete(x)

Read(p)

Minimum

Maximum

Makes the list empty.

Do nothing.

Inserts element x in the list in sorted order. This function is

not allowed when the list is full.

Checks whether element x is within the list. If it is in the

list its position will be set on the position output port.

Deletes the data element when it is in the list, otherwise
nothing happens.

Sets the data element of the position p on the data output

port. An error signal will be generated whenever is refered

to a position outside the list.

Sets the fITst data element on the output port. This function
is not allowed when the list is empty.

Sets the last data element on the output port. This function
is not allowed when the list is empty.

5.3.3.1 The hardware design for the ordered list
Also here the in paragraph 5.3 described structure of the cells of the hardware design

is used. An example of an ordered list is given in figure 5.51. This figure can be seen

as the basic figure for the description of the functions.
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1 234 5 6

DGGrJDD
Figure 5.51) The ordered list

Now has to be described what the effect is of the execution of the functions. These
descriptions are given in the next survey. After this survey the necessary data busses
are described.

Reset
All the cells will set their data element to the maximum value and will be

defined empty.
Nop

All cells will do nothing.
Insert(x)

All cells will compare their contents with the new data element. All cells of

which the data element is equal to or greater than the new data element except

the first of those cells will load the data of their previous cell (this explains
why on reset all cells have to set their data element to the maximum value).
The first cell of which the data element is equal to or greater than the new
data element will load the new data element (figure 5.52).

Locate(x)

All cells will compare their contents with the given data element. The first

cell to have a data element equal to the given data element will place its

position on the position output port. The cell also has to indicate that the data

element is available within the list (figure 5.53).
Delete(x)

All cells will compare their contents with the given data element. A cell has to
generate a signal when it contains the given data element (wired or). When
this signal is given all cells which contain a data element equal to or greater

than the given element will load the successors data element (figure 5.54).
Read(p)

The cell at the given position will set its data element on the data output port
(figure 5.55).

Minimum
The frrst cell will place its data element on the data output port (figure 5.56).
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Maximum
The last cell containing a data element will place this element on the data

output port (figure 5.57).

1 2 3 4 5 6

in

Figure 5.52) Insert(J)

Figure 5.53) Locate(f)

1 2 3 4 5 6

in

Figure 5.54) Delete(S)

position in

out

Figure 5.55) Read(3)
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1 2 3 4 5 6

Figure 5.56) Minimum

1 2 3 4 5 6

Figure 5.57) Maximum

Also here data busses have to be available to and from neighbouring cells. All cells
have to be connected to the data bus connected to the input port, to the data bus
connected to the output port, to the data bus connected to the position input port as
well as to the data bus connected to the position output port (figure 5.58).

position out

out

Figure 5.58) The ordered list and the necessary data busses

Here the cells have to be able to determine whether its data element is less than, equal
to or greater than the given data element. This can be realised as follows. A cell can
determine whether its data element is equal to the given data element with an equal to
comparator. A cell can determine whether its data element is smaller or greater than

the given data element with a greater than comparator. A cell also has to be able to
determine whether it is the first cell containing a data element equal to the given one.
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The cell can detennine this by checking the result of its equal to comparator and the

result of the predecessors equal to comparator. The cell will be the fIrst, when its

comparator indicates 'equal to' and the predecessors comparator indicates

'not equal to'.

'empty'
full status

inl---f .------l.......t_----1~t_----I--It-___7I
out~ I__- t__---IIt------___t__----l

empty status
'full'

'not equal'

illegal position~ ""'---I
opcode t---l.._--+--<__--+-__--+----__--;--;lI

P9~ition in 1E--~t__-l-_HlI__-+-__+4t__-+----_HI__-;--;

poSItIon out

Figure 5.59) A hardware ordered list with N cells

The hardware structure has to indicate whether a given position is within the list,

whether the list contains a given data element and whether the structure is 'full' or

'empty'. The hardware structure also has to indicate whether a given data element is

within the list. There are two possibilities to realise all this. The fIrst possibility to use

a counter in a global control unit. On reset this counter will be set to zero. The counter

will be incremented when a data element is added to the list and will be decremented

when a data element is removed from the list. Therefore the counter always points to

the last cell containing data. A given position is not within the list, when it is greater

then the counter. This can be checked by a greater than comparator. The fIrst cell

containing the given data element will set its position on the proper output port. The

given data element will not be in the list, when this position is greater than the counter.

Then an error signal has to be generated. This signal also has to be generated when

none of the cells contains the given data element. This can be realised by connecting

the result of the equal to comparator to a wired or construction. The hardware structure

will be 'empty', when the counter is equal to zero. It will be 'full', when the counter is

equal to the number of cells within the structure. The second possibility is to use a fIll

flag. The given position is not within the list when the cell with that position is

'empty'. That cell then will have to generate an error signal which has to be connected

to the proper output port (for example by a wired or construction). The given data
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element is not in the structure, when none of the cells contains that element or when
the fill flag of the cell containing the given element is set to 'empty'. The hardware
structure will be 'empty', when the fIrst cell is 'empty'. The hardware structure will be

'full', when the last cell is 'full'. Here also the structure with the fill flag is given
(figure 5.59). The fIrst and last cell will be identical to the rest, when the proper
signals are connected to the input ports.

opcode
position
in

position
out illegal position

fill status

previous fill status

previous data equal

data out

previous data in

'f' /

I buffer l-
I'

T'

I position
...1,

= I
...1/

~
f--

~ control unit I.-
r--
lc--

~ 1
/1'

/

I~ I- /

- "-

~, 1 J J" /4.-~ =

~ mux

J" 4~ > h.
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Figure 5.60) An ordered list cell

out in

Now the contents of the cell has to be defined (figure 5.60). To store the character a

master/slave type register is necessary. The data can come from three possible sources,
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the previous cell, the next cell and the data bus connected to the input port. A
multiplexer is used to handle the selection between the three. The fill flag is
represented as one bit master/slave type register. The position of the cell also has to be
stored. Because this position is static it can be stored in a ROM type register. The data
of this register has to be compared to the given position with an equal to comparator
and a greater than comparator. The cell has to be able to set the data element on the

data bus connected to the output port. A buffer is used to realise this.

Here the control signals have to be generated by a local control unit. Again the exact

signals can easily be derived from the descriptions of the execution of the commands.
It would be to long to describe them here separately.

5.3.3.2 The hardware design for the ordered list analysed
The hardware design for the ordered list can be adapted to the size of the data
elements by changing the sizes of the data register and the multiplexer. The design can

be adapted to store any number of data elements by connecting sufficient cells
together. The maximum position then will differ per hardware implementation. The
size of the register to store the position then has to be adapted. Therefore it is not
possible to construct a large structure out of several small one simply by connecting
them together. This would be possible when also here the address decoding is
performed by a separate address decoder. Then a cell does not have to store its
position. All cells will be exactly identical for hardware implementations with
different depths.

This design also matches the second design goal. All the cells load the proper data
elements within one clock cycle when a function is executed. The number of
necessary data busses per cell to realise this remains constant for structures with
different numbers of cells.

In [Bin91] two software implementations of the ordered list are analysed. The first

implementation projects the list on a one dimensional array. The second
implementation uses the pointer representation of the list. Also for this list some
functions only can be executed in a number of clock cycles dependent of the number
of elements within the list. The hardware implementation of the ordered list executes
all functions in one clock cycle. Therefore the performance of this design is better
compared to the performance of the software implementations. This better

performance is realised by using parallelism to insert a data element at the correct
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position or delete a given data element and simultaneously moves the other data
elements to the proper position within the list. The hardware design always is more
useful then the software implementations because of the better performance of this

design.

The hardware design always is more useful then the software implementation. Also
here a price has to be paid to realise this. An equal to and greater than comparator are

needed to perform the data moves in parallel. These two comparators are complex

hardware components, which need a lot of hardware. Therefore the hardware per bit

stored information ratio will be very unfavourable.

5.4 The set
Unlike the previous data structures the set is not completely designed yet. Here only

will be indicated how a set can be seen when implemented in identical cells. So the

exact layout of a cell and a complete description of the control signals is not given

here.

A set is a collection of data elements. The data elements have no ordering within the

set. Also no relations among the elements can be described. They all simply belong to

the same set. The set has to be able to perform the following functions.

Delete(A,x)

Equal(A,B)

Minimum(A)

Member(A,x)

Nop
Reset(A)

Insert(A,x)

Maximum(A)

Do nothing.

Makes set A empty.

Inserts element x in set A. This function is not allowed

when the hardware structure is full.

Checks whether x is an element of set A. This will be
indicated by true or false.

Deletes element x of set A when it is within this set, if it is
not in set A nothing happens.

Sets the minimum data element of set A on the output port.

An error signal is generated when the given set is empty.

Sets the maximum data element of set A on the output port.
An error signal is generated when the given set is empty.

Checks whether set A is equal to set B. This will be
indicated by true or false.

Union(A,B,C) Set C becomes the union of set A and set B.

Intersection(A,B,C) Set C becomes the intersection of set A and set B.
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Difference(A,B,C) Set C becomes the difference of set A and set B.

5.4.1 The hardware designs for the set
The data elements within a set can not be accessed by a position. It is only possible to
check whether a data element is element of a set. Therefore it is only necessary to link
the reference to the set to the data element. Two possible implementations are given

here to realise this. First the set number is linked to every data element (figure 5.61).

Second a collection of flags is linked to every data element. Every flag represents a
set. Therefore it is possible for a data element to belong to several sets (figure 5.62).
The set has to be able to perfonn the following functions.

set no

data

element

Figure 5.61) One set per datB element

set 0

set I

..
setM

..

data

element

Figure 5.62) M sets per datB element

Now has to be described what actions a cell has to perfonn when a function is
executed. This is done separately for the two possible implementations. First the
descriptions for the first possible implementation are given, followed by a description

of the necessary cells. Second the descriptions for the second possible implementation

are given. Also these are followed by a description of the necessary cells. In both the
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examples the set has to store characters.

The cells of the fIrst possible implementation have to perform the following actions

when a function is executed.

Nop
All cells will do nothing.

Reset(A)

All cells with set number A will be emptied.

Insert(A,x)
The frrst empty cell will load the number of set A and element x (figure 5.63).

Member(A,x)

All cells will check whether their set number is equal to A and whether its

data element is equal to x. Only if both conditions are true, the cell will

generate an true signal on the appropriate output port.

Delete(A,x)

All cells will check whether their set number is equal to A and whether its

data element is equal to x. Only when both conditions are true, the cell will

empty itself, when it is the fIrst cell with this condition (fIgure 5.64).

Minimum(A)

A cell will set itself to 'active', when its set number equals A. These active

cells perform an algorithm used for a CAM to detennine the minimum

(algorithm described in paragraph 5.3 of [Vos91]). The execution time of this

algorithm is dependent of the number of bits of the register that stores the data

element.

Maximum(A)

A cell will set itself to 'active'. when its set number equals A. These active

cells perform an algorithm used for CAM to determine the maximum

(algorithm described in paragraph 5.3 of [Vos91]). Also the execution time of

this algorithm is dependent of the number of bits of the register that stores the

data element.

Equal(A,B), union(A,B,C), intersection(A,B,C) and difTerence(A,B,C)

With this implementation these functions can only be performed within a

number of clock cycles dependent of the number of data elements. These

functions use the other set functions to realise this.
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Figure 5.63) Insert(A,x)
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Figure 5.64) Delete(A,z)

The cells of the fIrst possible implementation will need the following components
(fIgure 5.65). The set number and the data element each can be stored in a master/
slave type register. The buffer makes it possible to place the data element on the data

bus connected to the data output port. A cell has to be able to determine whether its
data element is equal to the given data element and whether its set number is equal to
the given set number. This can be realised by the two equal to comparators in the cell.
A cell has to be able to determine whether it contains a data element or not. This can
be realised as before by a fIll bit. The full status of the structure can be realised by
connecting all the fill bits to a wired or construction. A cell also has to be able to set it
self to a 'active' or 'inactive' state. The active bit will make this possible. The minimum

and maximum algorithms need a bitwise comparator to compare one bit of the data

element with a test bit. The structure also has to indicate whether one of the active
cells matches the test bit. This can be realised by connection all the results of the
bitwise comparators to a wired or construction. The cells themselves have to detect
this indication (and thus the wired or construction). The cells do not have to be
connected to each. However, they have to be connected to three different busses. First
the bus connected to the data input. Second the bus connected to the set number input.

Third the bus connected to the data output port. The cells also have to be able to

generate an error condition on the appropriate output port. This can be realised by a

wired or construction. Some sort of resolver logic has to be used to perform the
selection of the fIrst cell out of several cells. A cell has to signal to this resolver logic
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whether it participates in the selection. The resolver logic has to signal to the cell

whether it is the fIrst cell.

set no in

Figure 5.65) A set cell

in test bit in

error fill status

t-----~ to resolver logic
~-----t from resolver logic

The cells of the second possible implementation have to perform the following actions

when a function is executed.

Nop

All cells will do nothing.

Reset(A)
All cells with the flag indicating set A will set this flag to 'no member'.

Insert(A,x)
Three situations occur. First, when element x is not available in the structure.

The fIrst empty cell will load element x and set its A flag to 'member'

(figure 5.66). Second, when element x is already in the structure, but the cell

it is stored in has its A flag is set to 'no member'. Then the first cell with this

condition will set this flag to 'member' (fIgure 5.67). Third, when element x is

already in the structure, but all cells containing element x have their A flag set

to 'member'. The same has to be done as in the fIrst situation (figure 5.68).

Member(A,x)
All cells will check whether their data element equals x and whether its A flag

is set to 'member'. Only when both conditions are UUe the cell will generate a

'UUe' signal on the appropriate output port
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Delete(A,x)
All cells will check whether their data element is equal to x and whether its

A flag is set to 'member'. The fIrst cell with this condition will set its A flag to

'member' (fIgure 5.69).

Minimum(A)

A cell will be set to 'active' when its A flag is set to member. The same

algorithm as described at the fIrst possible implementation will be used to

determine the minimum.

Maximum(A)

A cell will be set to 'active' when its A flag is set to 'member'. The same

algorithm as described at the fIrst possible implementation will be used to

determine the maximum.

Equal(A,B)

All cells will check their A flag and B flag. A cell will generate a 'false'signal

on the appropriate output port, when only one of those flags is set to

'member'.

Union(A,B,C)

All cell will check their A flag and B flag. A cell will set its C flag to

'member', when one or both the flags is or are set to 'member' (fIgure 5.70).

Intersection(A,B,C)

All cells will check their A flag and B flag. A cell will set its C flag to

'member', when both the flags are set to 'member' (fIgure 5.71).

Difference(A,B,C)

All cells will check their A flag and B flag. A cell will set its C flag to

'member', when its only one of those flags is set to 'member' (fIgure 5.72).

A

y z q p y z q x p

Figure 5.66) Insert(A,x) first situation
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Figure 5.67) Insert(A,x) second sitation
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Figure 5.68) Insert(A,x) third situation
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Figure 5.69) Delete(A,x)
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Figure 5.70) Union(A,B,C)
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Figure 5.71) Intersection(A,B,C)
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Figure 5.72) Difference(A,B,C)

The cells of the second possible implementation will need the following components

(figure 5.73). The data element can be stored in a master/slave type register. The

buffer makes it possible to place the data element on the data bus connected to the data

output port. A cell has to be able to detennine whether its data element is equal to the

given one. This can be realised by a equal to comparator. Each of the set flags can be

stored in a one bit master slave type register. A cell can detennine whether it contains

a data element by checking all these set flags. When none of them is set to 'member'
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the cell is 'empty'. The structure is able to determine whether it is not 'full' by
connection the 'empty' status of all cells to a wired or construction. An active bit also
here makes it possible for a cell to set itself to an 'active' or 'inactive' state. The
bitwise comparator is used to compare one bit of the data element with a test bit. The

structure can indicate whether one of the active cells matches the test bit by
connection all the results of the bitwise comparator to a wired or construction. The
cells have to check this indication (and thus the wired or construction). The cells also
will be able to generate an error condition on the appropriate output port by a wired or
construction. The cells do not have to be connected to each other. They only have to
be connected to the data connected to the data input port and to the data bus connected
to the data output port. Some sort of resolver logic has to be used to perform the

selection of the fIrst cell out of several cells. A cell has to signal to this resolver logic

whether it participates in the selection. The resolver logic has to signal to the cell
whether it is the fIrst cell.

in

out

Figure 5.72) A set cell

test bit in

match
out in fill status

to from
resolver logic

5.4.2 The hardware designs for the set analysed
The fIrst design of the set can execute the functions that operate on one set in a
constant number of clock cycles. Except the functions minimum and maximum the
number of cycles can even be reduced to one cycle. The functions that operate on

several sets can only be executed in a number of clock cycles dependent of the number

of elements. The number of cycles can be reduced to one cycle. This can lead however
to relative low clock frequencies, because some signals have to propagate over a large
distance or via complex circuitry (the resolver logic). These functions can better be
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executed in several cycles. Therefore the clock frequency can be higher. The other
functions then can be executed faster, because the cycle time is faster.

The second design can execute all the functions in a constant number of clock cycles.
This number of cycles can also here be reduced to one cycle, except for the functions
minimum and maximum. This can be unfavourable for the same reasons as the ones
given at the fIrst design.

The advantage of the second design over the fIrst is obvious. More functions can be
executed in a constant number of clock cycles. The fIrst design has the following
advantage over the second design. The cells of the fIrst design only have to reserve a

register with enough bits to store the largest set number. The cells of the second
implementation have to reserve one bit per set. The fIrst design is the best choice,
when an application only needs the functions that operate on one set. The second
design is the best choice, when an application needs the functions that operate on
several sets.

The hardware implementation of the set is always better compared to software

implementations. This because most functions of the set are identical actions

performed on the data elements within the set. In hardware these data elements can be
processed parallel. In software the data elements can only be processed sequential.

5.5 The tree
The structure of the data elements of a tree can best be described by the relations

between the data elements. A data element can have a parent and zero, one or more

children. A data element with no parent is called the root of the tree. A data element

with no children is called a leaf element. A data element will be at a certain level
within the tree. The root is dermed as level zero, a child will be at one level higher
than its parent. The depth of a tree will be equal to the level of the leaf with the highest
level. Several examples of a tree are given in fIgure 5.74.

The fIrst design method states that the structure of the data elements has to be copied
in hardware. As an example the binary tree is given in fIgure 5.75. This hardware

structure resembles a complete tree, because the hardware structure is fIXed. A cell is

connected to its parent and children, so functions like move to left child, move to
parent, select sub tree, etc. can be executed. This design has two main disadvatages.
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root root root
level 0

level 1

level 2

level 3

Figure 5.73) Several trees

1

Figure 5.75) The binary tree in hardware

Figure 5.76) Tree can not expand at position 7 anymore, while not all
cells are used

The limited depth of the hardware tree is the fIrst disadvantage. The tree then already

can be 'full', when not all of the cells are used. An example of this situation is given in
figure 5.76. Here it is not possible to expand the list at cell 7, however, not all the cells

contain a data element. A solution could be to connect the cells to other cells within

the hardware structure. These then can be used as the children of that leaf cell. When
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in theory this solution is used every time a hardware structure is full when not all the

cells contain a data element, a cell will eventually have to be connected to all the other

cells. This situation cannot be implemented in hardware.

The second disadvantage occurs when a tree has to perform functions which move
complete sub trees to other positions within the tree. A data element within a cell then

can be moved to every possible cell within the structure. This means a cell has to be

connected to all the other cells. The only solution here is to perform those moves

sequentially over a limited number of connections, for example the already available
connections between a parent and its children. Because of this the execution times of
these functions then will become dependent of the number of data elements within the

sub tree and of the distance the sub tree has to travel.

These only are the disadvantages for a binary tree, so for a tree with more than two

children (or with possibly an unlimited number of children) these problems even will

be bigger. Therefore it is not possible to implement a tree in hardware by simply

copying its structure in hardware. This leads to the following question. Does an
application need the structure of a tree. This is not always necessary. Most
applications only use the tree as a model to represent a problem. Then a representation
of the tree is used to match the algorithms which solve the problem. Only this

representation has to be implemented in hardware to support the algorithms.

5.6 The graph
Also the structure of the data elements of a graph can be described by the relations

between those data elements. In a graph a data element can be connected to several
other data elements. In theory a data element can be connected to all other data

elements within the graph. This leads to the same problem as described with the tree,
in hardware all cells will have to be connected to each other. The only solution here is

to look for representations of the graph and try to implement those representations in

hardware.
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The fIrst design method analysed

The first design method analysed

With the fIrst design method hardware designs for several data structures are
constructed. The hardware designs for the tree and the graph cannot be implemented,

because here the number of data busses needed to support all the functions of the
structure is exponential to the number of data elements within the data structure. The
hardware designs for the one dimensional data structures, like the stack, the queue,
several lists and the set, can be implemented in hardware. This because the functions
can be translated into simple actions for simple cells. Also per cell only a fixed
number of data busses is needed. This because the data movement necessary to

support the functions also can be captured in the structure of the cells (only data

moves to and from neighbour cells).

The fIrst design method leads to hardware designs build of cells. All functions are
translated to local actions within a cell. Some of the functions however still can be
perfonned global, for example address decoding. This can result in less hardware. So
after the fIrst design method the hardware design has to be analysed. This analysis
then will indicate whether some functions can be perfonn global.

To implement the tree and the graph in hardware the following is proposed. A tree or a
graph often are only used to describe a problem. The algorithms needed to solve this
problem do not operate on the tree or graph itself. They use a representation of the tree
or graph. In order to support the algorithms these representations should be
implemented in hardware.

The fIrst design method also does not lead to the short data bus design for the queue.

This because the design does not resemble th~ structure of the data elements. It is

based on another way to look at a queue or another model to describe the queue. To
implement that model other identical cells were needed. Once these were found
steps 3 to 7 could be used to construct the hardware design with only the short data
busses.

The problem of the fIrst design method is that it starts of with a proposal for the

structure of the cells. This is not always a good solutions as can be seen at the
hardware designs for the tree, the graph and the queue with short data busses.
Therefore this part of the design method has to be adapted. Once the identical cells

have been defIned the last part of the fIrst design method, steps 3 to 7, still can be used
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to construct the hardware design.

The two hardware designs for the set introduce a new approach to fmd the contents of

a cell. Here not only the data element is stored in the cell. Also all the infonnation

related to the data element is stored within the cell. This was necessary to implement

the set, because this infonnation could not be translated into a structure as with the

hardware designs of the stack, queue and lists. This approach is perhaps also useful to

implement other structures.
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In this chapter is described how the second design method is developed. The second
design method is based on the fIrst design method and on the results of the analysis of
that design method. With the second method fIrst a model of the data structure is
constructed. This model then is transformed into a hardware design. With this
approach a data structure is transformed into a hardware design via eight steps.

7.1 The ideas behind the second design method
The second design method uses the same idea as the fIrst design method to develop
hardware designs which are scalable. Also here identical cells have to be designed. In
the fIrst design method for every data element a cell is reserved. The structure of the
cells then is copied from the structure of the data elements. This approach was not
suitable to implement all data structures. The second hardware design for the queue
stores two data elements per cell. The attempts to develop designs for the tree and

graph were not successful, because the structure of the data elements should be copied

in hardware. Therefore the second hardware method will use another approach to
determine the contents of the cell as well as the structure of the cells.

Applications need data structures to store information. The data elements stored within
a data structure should be stored and loaded as fast as possible, so the application is
not slowed down by the data structure. Therefore it is necessary that a data structure

can perform the functions which load and store the data elements preferably in one

clock cycle. This means a data structure has to be able to locate a data element in a
data structure within one clock cycle. The· fIrst design method solves this by reserving

a cell for every possible location within the data structure. Locating a data element
then is simply addressing the right cell. To maintain the data elements within the cells
with the correct position, the data elements have to be moved to the cell with the
proper position, when a function is executed. This is proved to be a good solution for

one dimensional structures, like the stack, the queue and the lists. Already at the

hardware design for the set this approach seemed not enough. The data elements of the

set don t have a location within the set. They simply are a member of the set. The
solution to this problem indicates the approach of the second design method to defIne
the contents of the cells. The locate information is linked to the data element. This
locate information is therefore also stored within the cell.

The second design method uses the same approach as described above. Here the locate
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infonnation has to be linked to the data element. A similar example as given in

paragraph 4.1 is given in figure 7.1. The cirkels indicate what infonnation has to be

linked together. In figure 7.1 several data elements are given with their position. The

execution of a function often results in changes in the locate infonnation of several

data elements. That infonnation has to be updated preferably within one clock cycle,

when a function is executed. In figure 7.2 an example of an insert function is

indicated. A new data element is added to the structure at position n. This new data

element is linked to that position. The position linked to the data elements with

position n or higher have to be incremented. The descriptions of the locate infonnation

and the descriptions of what happens when a function is executed are now refered to

as the model of the data structure.

Figure 7.1) A list of data elements

Figure 7.2) Insert element K at position n

In the second design method there are two possibilities to define the cells. The frrst

possibility is to translate the locate infonnation into a structure for the cells. This

resembles the approach of the frrst design method. The second possibility is to store

the data element as well as the locate infonnation within a cell. This resembles a set

representation of a data structure with every different type of locate infonnation

represented as a set (not necessarily one bit per set).

The cells of both the possibilities will have to perfonn different actions, dependent of

the opcode and the local situation. The cells of the second possibility have no relation

to each other. Therefore such a cell has to derive its local situation from its contents
and the global signals.
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7.2 The steps of the second design method

The second design method is based on eight steps. These steps are based on the ideas
previously described in this paragraph. These steps are given in the next survey.

Step 1
Determine the data elements of the structure. Mostly these are given in the
definition of the data structure. When they are not given the data elements,
that the application can insert in, replace or delete from the data structure, can

be seen as the data elements, when the data elements are not given.

Step 2

The locate information of the data elements has to be described. This locate
information can be described as the relations among data elements, the
position of a data element relative to a reference point or number of the set the

data element belongs to. This can be visualised by a figure.

Step 3

Describe what happens to the data elements and their locate information,

when a function is executed. Also this can be visualised by several figures.

Step 4

Define the cells necessary to construct the hardware design. The two
possibilities are cells related to a position within the data structure and cells
related to a data element. The structure constructed with the frrst possibility
can be visualised by a figure.

At this point the identical cells are defined. Now approximately the same design path

as stated from step 3 to step 7 of the first design can be followed.

Step 5

The influence of the functions is already described. These descriptions now
have to be translated into the actions that the cells have to perform and the

necessary data busses to perform these actions. Visualise this by using several

figures.

Step 6

Describe how the hardware structure can generate the necessary status
information.

Step 7

Define the contents of the cell in standard hardware components like registers.
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Step 8
Describe per function and per cell which control signals have to be generated

to perform a certain action.
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Chapter 8 Several data structures implemented
with the second design method

In this chapter is briefly described how the random list can be implemented with the

second design method. This mainly to indicate how the locate infonnation can be
described and how this locate infonnation can be implemented in hardware when both

the possibilities to defme the cells are used. In paragraph 8.2 is checked whether this

design method will lead to the short data bus implementation of the queue. In

paragraph 8.3 ideas to represent a tree or a graph are presented.

8.1 The random access list
As described before the list can be seen as a row of data elements with the fIrst data

element resembling the fIrst element of the list, the second data element resembling

the second element of the list, etc. The following relations among the data elements

can be indicated. All data elements except the first and last element have a predecessor

and a successor. The fIrst element only has a successor and the last element only a

predecessor. The elements can be located within the structure by their position within
the list.

An example of such a list is given in fIgure 8.1. A data element and the locate

infonnation linked to it are represented within a circle. In this example the position is

related to the data element. The predecessor, successor relations are resembled by the

ordering of the circles within the fIgure. Figure 8.1 is the basic fIgure.

EBC8EBEB
Figure 8.1) Several list elements with their position

Now has to be described what happens to the locate infonnation, when the functions

are executed. This is given in the next survey.

Nop

Nothing happens.
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Reset
The list will be emptied. The exact implementation of this function is

hardware related.

Append(x)

The new data element will become the last elements successor and will get a

position one higher than the last element. This new element then will be the

new last element (figure 8.2).

Insert(ptx)

The new data element will become the successor of element p-l and the

predecessor of element p. The new element will get position p and all
elements with position p or higher than p will get a position one higher than

before (figure 8.3).

Delete(p)

The successor of the data element with posi tion p will become the successor

of the element with position p-l. Therefore all elements with position higher

than p will get a position one lower than before (figure 8.4). The element with

position p will be deleted.

Replace(Ptx)
The data element with position p will be replaced by the new data element

(figure 8.5).

Read(p)

The data element with position p will be visible at the output port.

Figure 8.2) Append(S)

EBEBEBEBEB
Figure 8.3)
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EBEBEB
Figure 8.4)

Figure 8.5)

Delete(2)

EBEBEBEB
Replace(4,P)

In the model of the random access list every data element is related to a position. This

position is necessary to implement the functions. The data element with position p-l
can be seen as the predecessor and the data element with position p+1 can be seen as
the successor of the data element with position p. These relations are indicated by the

ordering of the data elements within the figures.

The first possibility to implement a cell in hardware will lead to the already known

design of the list. Here every cell has a position within the list. The predecessor and
successor relations are implemented by placing a cell after its predecessor and before
its successor. The data elements wiII have to be moved to the proper cells as described
by the execution of the functions.

The second possibility will lead to a cell which has to store the data element and the

elements position. Because the data elements here do not move to other cells, a cell

has to be able to change the position (incrementing or decrementing it in this case). A

cell has to be able to detect whether its data element is before or after position p or

whether its data element is at position p, when executing insert(p,x) or delete(p). A
cell also has to be able to detect whether it contains data or not. Resolver logic is

needed to select the first empty cell, when a data element is added to the structure
(append(x) and insert(p,x».

The second design method thus leads to two diffent hardware designs. The first with
the cells related to a position and the second with the cells which change their

positions when necessary. The first design seems to be better then the second design.

Here the locate information is translated into the structure of the cells. With this
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structure also the functions can be supported. The second design needs some sort of

resolver logic. The position related to the data element has to be stored in an up/down

counter instead of a ROM type register. All this means extra hardware. However the

second design can be better then the ftrst one, when the amount of hardware needed to

move the data elements around (multiplexers and data busses) is larger than the

amount of hardware needed to change the position (counters). This can be the case

when the list has to store very large data elements, or when the data elements of the

list are other data structures.

The second design method offers an extra possibility to analyse a data structure. Here

fITst a model of the data structure is constructed. With this model the data structure can

be analysed before a hardware design is proposed. This can lead to other less obvious

hardware designs. An example of this is the second implementation of the random

access list. This is expected to be the power of this design method. The hardware

design should not be constructed based on conventional ideas of how to represent a

data structure or of how to implement a certain function. It should be constructed

based on the knowledge of what is possible in hardware.

8.2 The queue
The queue can be seen as a row of data elements with a tail element which represents

the newest data element added to the data structure and a head element which

resembles the oldest data element added to the data structure. The data elements have

the following relations among themselves. AlI data elements except the head and tail

element have two neighbour data elements. The head element as well as the tail

element only have one neighbour element. The input port can be seen as the other

neighbour of the tail element, the output port can be seen as the other neighbour of the

head element. The elements can be located within the structure by their position within

the list. This position can be relative to the head element and to the tail element.

An example of the queue is given in figure 8.6. This is the basic figure. Now has to be

described what happens when the functions are executed. The descriptions of the

queue with the positions relative to the head element are essentially the same as the

ones of the queue with the positions relative to the tail element. Therefore only the

descriptions of the queue with positions relative to the head will be given.
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head tail

J, J,

EBEBEBEB
Figure 8.6) Several queue elements with their position

Nop
Nothing happens.

Reset
The queue will be emptied. The exact implementation of this function is

hardware related.
Write(x)

The new data element will become the head elements second neighbour and

its position within the queue will be one higher than the head elements
position. Now this new element will be the new head element (figure 8.7).

Read
The tail elements neighbour will become the new tail element, thus deleting
the old one. The positions of all elements thus will be one lower than before
(figure 8.8).

Read/write(x)

The same happens when a read is executed before a write(x) (figure 8.9).

head tail

J, J,

EBEBEBEBEB
Figure 8.7)

Figure 8.8)

August 1992

Write(E)

head tail

J, J,

EBEBEB
Read
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head tail

~ ~

EBEBEBEB
Figure 8.9) ReadIWrite(E)

The fIrst possibility to implement a cell in hardware will lead to the already known
design for the queue. Here every cell only needs to be placed after its predecessor and
before its successor. A cell does not need its position to detennine what action it has to
perfonn. Therefore, the position is not stored.

The second possibility will lead to a cell which has to store the data element and the
elements position. A cell has to be able to change this position (only decrementing in

this design), because the data elements here do not move to other cells. A global
control unit has to store the position of the tail element. This position is necessary
when a new data element is added to the queue. The cell with position one will place
its data element on the data bus connected to the output port. Resolver logic is
necessary to detennine the fIrst empty cell, when a data element is added to the
structure.

This design can be simplifIed. The cells now store a fIxed position. The global control

unit has to store two pointers. One that points to the position of the head element and

one that points to the position of the fIrst empty cell (the position of the tail element
plus one). A new data element is stored at position of the first empty cell. The cell
with the position of the head element has to place its data element on the data bus
connected to the output port. Therefore a cell has to check whether it contains the
position of the head element and whether it contains the position of the fIrst empty
cell. Two equal to comparators are necessary to perfonn those checks. When an

element is added to the queue the pointer to the fIrst empty cell is incremented. When

a data element is deleted from the queue the pointer to the head element is
incremented. This design is given in fIgure 8.10. The design resembles the software
implementation.
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address part

data part

Figure 8.10) A simplification for the queue design

Also this design can be simplified. The positions of the cells are translated in a
position in hardware. The cell with position n is placed after the cell with position n-I
and before the cell with position n+1. A new data element is stored in the first empty
cell behind the queue. The cell that contains the head element places its data element
on the data bus connected to the output port. A cell is the first empty cell behind the

queue, when it is empty and its predecessor is full. A cell contains the head

element, when it is full and its predecessor is empty. Therefore a cell has to be able
to detect the fill status of its predecessor. When the 'last' cell is used as the predecessor
of the 'first' cell, a circular structure is formed. This design is given in figure 8.11. The
design is a combination of the approaches of the two possibilities to define the
contents of a cell.

Figure 8.11) A second simplification for the queue design

The second design method leads to several hardware designs. All the designs have the

same functionality and performance. None of them resembles the hardware design
with the short data busses. In the short data bus design the head and tail element have
to be linked to each other in a certain way. When analysing the model of the queue
and the short data bus design for the queue it can be seen that the elements which are
connected to the input port and to the output port (the head and tail element) should be
in one cell. This is a feature which will have to be analysed further.
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8.3 Ideas to represent a tree and a graph
In this paragraph is indicated how a tree and a graph can be implemented in hardware.

Only a few very simple functions are mentioned. More hardware implementation for a

tree can be found in [Vri92]. In the next chapter an example of a graph specially

designed to support an algorithm is given.

A tree is a data structure which consists of nodes and a description of the relations

among those nodes. Every node has only one parent node and can have several child

nodes. The nodes as well as the connection or path between two nodes can have a

label.

The labels are the data elements stored by the tree. How can these data elements be

located within the tree. The simplest are the labels of the paths between two nodes.

These labels can be located by checking their begin node and their end node. So the

begin node and the end node have to be linked to the path label. In a tree a path always

begins in a parent node and ends in a child node. Therefore the begin node here will be

called parent node and the end node will be called child. A node can only have one

parent. The child node of every path label thus is a unique number. Therefore, the

label of a node can be linked to that child node. Two simple functions that have to be

perfonned by a tree are finding the parent of a node or finding the children of a node.

These functions can be realised as follows. The parent of node n can be found by

searching for the path label with node n as its child node. The children of node n can

be found by searching for ~l path labels with node n as its parent node.

The same structure as designed with the first design method is found, when this model

is implemented in hardware with the first possibility to define the cells. The second

possibility to define the cells leads to a structure constructed of cell as given in

figure 8.12. Here four registers are used to store the parent node, the child node, the

path label and the (child) node label. When the numbering of the nodes is not relevant

to the application, the child node can be fixed and thus stored in a ROM type register.

A cell has to be able to check whether its parent node and/or its child node equals a

given node. This can be realised by the equal to comparators. Also here a fill flag can

be used to detennine whether a cell is full or empty. Resolver logic will be needed

to select the first cell of a sub set of cells (the first empty cell or the frrst cell which has

a certain node as the begin node).
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in in
resolver logic
to from f1l1 status in in

control

out opcode

path label

Figure 8.12) A tree cell

A graph is a data structure which consists of nodes and a description of the relations
among those nodes. Every node can be connected to several other nodes, or even to all
the nodes. These connections can either be unidirectional (directed graph) or
bidirectional (undirected graph). The nodes as well as the connection or path between

two nodes can have a label.

The labels are the data elements stored by the graph. How can these data elements be
located within the graph. The label of a node can be located by the number of the
node. The label of a path can be located by checking its begin node and its end node.
So the begin node and the end node have to be linked to the path label. A simple

function that has to be performed by a graph is checking whether a path exists and, if
so, what its label is. This results in different actions for the directed and the undirected
graph. For a directed graph the following has to be done. A begin and an end node are
given. These have to be equal to the begin and end node linked to the path label. Only
when both are equal the path exists. For a undirected graph the following has to be
done. Here two nodes are given, nodel and node2. The two nodes do not represent a
begin or end of the path. Therefore a path exists when one of the following two
conditions is true. The fIrst condition is true when nodel equals the begin node and

node2 equals the end node. The second condition is true when node! equals the end
node and node2 equals the begin node.
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in in
resolver logic
to from fill status in

out

Figure 8.13) A directed graph cell

control

opcode

path label

The node labels can best be implemented in a standard memory. The address then

resembles the node number. The label then can be stored at that address. Now a

hardware design for the path labels has to be developed. Here also the second

possibility to define the cells is relevant. Two different cells are necessary for the two

different graph types. First, the cells for the directed graph (figure 8.13). Here three

registers are necessary to store the path label, the begin node and the end node. A cell

has to be able to check whether its begin and end node are equal to a given begin and

end node. This is realised by the two equal to comparators. A fill flag is used to

indicate whether the cell is full or empty . Second, the cells for the undirected graph

(figure 8.14). Also here three registers are necessary. A cell has to be able to check

whether its begin node is equal to the given nodes and whether its end node is equal to

the given nodes. This is realised by the four equal to comparators. Also here a fill flag

is used to indicate whether the cell is full or empty. The design for the directed

graph as well as the design for the undirected graph need resolver logic to select the

f!f~t c~U of a subset of cells.

The hardware designs for the tree and the graph both resemble a set representation of

those structures. This representation is often used in algorithms which operate on a

tree or a graph. Here the tree and the graph are often represented by two sets. One set

stores the nodes and their labels. One set stores the paths and their labels. The actual

software implementation is dependent of the functions that are needed to support the

algorithm. This is also expected for the hardware implementations. When these are

optimised to support an algorithm they will be specific to that algorithm. An example

of this is given in the next chapter.
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in in
resolver logic

fill status into from

T J '1'

~
\ I

,~ ,I....
~. ,0 ,I_I parent I I child I ,,~ ,,~

H path label
~J = control

,~ -..1/ 'I

I =
I "I

,~ ,1/

J I " Hbufferl= I" ,1/ 'I

I = I v
"-

,[, /

Ibuffer IIbuffer I
l' ~ 'I T.J/ "'" "-~

out out opcode out

Figure 8.14) A undirected graph cell
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Chap..:....:te:....:::..r---::..9_---"T;;;......w;...;.....o"'--practical exam~

In this chapter two practical problems are analysed. The fIrst problem can be solved

with help of an algorithm. The second problem can be solved by a certain flow of the

data elements. For the algorithms as well as the flow of data elements special data
structures are defIned, which exactly match the demands of the algorithm or the flow
of data elements. These data structures are implemented in hardware. The resulting

hardware data structures improve the performance of the algorithm (or the flow of data

elements), because they execute their functions in a number of clock cycles

independent of the number of data elements within them and because they deliver only

the necessary data, no extra checks are necessary to determine whether the data has to
be processed or not are necessary. The hardware data structures are specifIc for the
algorithm or flow of data elements. They cannot be used for other applications.

9.1 Dijkstras algorithm to determine the shortest path
This is an example of how a data structure can be designed to support an algorithm.

The data structure then will perform several maintenance tasks in order to feed the

algorithm only with the relevant data. Therefore the algorithm doesn t have to check

whether the data it receives has to be manipulated or not. This feature diminishes the
execution time of the algorithm, because that algorithm only performs useful actions
to reach the solution.

In this example the graph is a directed graph. The label of the paths between the nodes

resembles the distance between the two nodes. The distance can not be negative. With

Dijkstras algorithm to determine the shortest path the shortest paths from one initial

node to all other nodes in a graph are computed. This algorithm is described in

[Aho87] page 204. It is based on the original algorithm which operates on a undirected
graph [Dij58].

The algorithm uses two sets to represent the nodes. Set S which stores the nodes with
their distance to the initial node of which the shortest path already is found and set D

which stores the other nodes with their distance to the initial node. The algorithm uses

three sets to represent the paths between the nodes. Set I which represents all paths

that end in set S. Set n which represents all paths beginning in the node which is last
added to S. Set m which initially represents all paths. Initially all nodes are in set D

and have distance infInite. All paths are in set m. The algorithm is given in fIgure 9.1.
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BEGIN
distance := 0

current := initial node

WHILE (seeD <> empty)

BEGIN
IN_S(current)

IN_I_II(current)

WHILE (seell <> empty)

BEGIN
FIRST_OF_1I(>work,>path_distance)

OUT(work,>iniedistance)

via_distance := distance + path_distance
IF (via_distance < iniedistance) THEN UPDATE(work,via_distance)

END
MINIMUM_D(>current,>distance)

END
END

Figure 9.1) The dijksta algorithm to determine the shortest path

The distance is set to zero and the initial node is the current node. Then as long as set

D is not empty the algorithm will do the following. First the current node is moved

from set D to set S (IN_S). Next the paths with the current node as end node are

moved from set ill to set I, 'because paths ending in S do not have to be examined any

more. The paths of set ill with the current node as the begin node are added to set II so

only the paths with begin node n that end in set D will be examined (IN_ell). Then all

paths in set II are treated as follows. Of set II the fIrst paths end node and the distance

of the path are retrieved and stored in work respectively path_distance. This path is

also deleted from set II (FIRST_OF_II). Then the distance between work and the

initial node is retrieved from set D and stored in iniedistance (OUT). Then the

distance from the initial node to work via the current node is computed. This distance

is compared to iniedistance. If it is smaller, iniedistance has to be updated with

via_distance (UPDATE). After set II is emptied, set D is searched for the node with

the shortest distance to the initial node (MINIMUM_D). This then will be the new

current node.

This algorithm needs two different data structures. One to store the nodes with the
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Init(n)

In_S(n)
Out(n,>d)

Two practical examples

distances between those nodes and the initial node and one to store the paths between
the nodes and their distances. The designs for those two data structures are presented
in the next sub paragraphs.

9.1.1 The data structure to store the nodes
This data structure has to store the nodes and the distances between those nodes and
the initial node. These nodes can either be in set S or in set D. Also this infonnation
has to be stored by the data structure. The data structure has to be able to perfonn the

following functions in order to support the algorithm.

Makes the data structure empty.
Initialises node n with the maximum distance and places it

in set D.

Moves the node n from set D to set S.
Places the distance belonging to node n on the distance
output port.

Update(n,d) Writes the distance to node n.
Minimum_D(>n,>d)Detennines within set D the node with the minimal

distance to the initial node and places its number and its

distance on the appropriate output ports.

The basic data element is the distance. This distance can be located with the number of
the node it belongs to. This combination is a member of set S or D. This infonnation
also has to be linked to the distance. Now has to be analysed what happens to this
model when the functions are executed.

Reset

The structure will be emptied.
Init(n)

Node n is added to the structure. The node is made a member of set D and its
distance is set to infInite.

In_S(n)

Node n is deleted from set D and made a member of set S.
Out(n,>d)

Node n will place its distance on the distance output port.
Update(n,d)

Node n will load distance d from the data input port.
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Minimum_D(>n,>d)

The node with the minimum distance in set D is detennined. This can be

realised with help of the algorithm described in paragraph 5.3 in [Vos91].

When examining the structures functions it can easily be seen that a data element and

its locate infonnation are totally independent of the other data elements. Because of

this independent cells are used to store the data elements and their infonnation.

Therefore all cells have to be connected to data busses which are connected to the

input and output ports. The cells have to be able to detennine whether they are empty

or not. For this a fill flag can be used. A node is in set S or in set D. This can be stored

in one set flag. The algorithm to detennine the minimum needs indication whether one

of the active cells matches a certain test bit. This can be done in a similar way as it is

done with the set of paragraph 5.4.1. The structure also has to indicate whether set Dis

empty. This can be realised by connecting the set flag to a wired or construction.

in
resolver logic

to from fill status in
match

in out

out

,------------1I------t---;X set status

opcooe

control

Figure 9.2) A cell to store a node of Dijkstras algorithm

Now the contents of the cell are defined (figure 9.2). To store the distance a register is

necessary. The fill flag, the set flag and the active flag are one bit master/slave type

registers (during the execution of the functions the flags will load their new state while

their old state is read). The cells number is static and therefore can be stored in a ROM

type register (therefore, no input port connected to this register). The value of this

register can be compared to the given node number with an equal to comparator. For
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the minimum fmding algorithm the bits of the distance register have to be compared to
a bit generated by the global control. This can be done with the bit comparator. A cell

has to be able to place its node and its distance on the appropriate data busses. This

can be done with the bus buffers.

9.1.2 The data structure to store the paths
This data structure has to store the paths between the nodes and their distances. These
nodes can be member of set I, set II and set ill. This also has to be stored within the
data structure. The data structure has to be able to perfonn the following functions in

order to support the algorithm.

Reset
Write(nl,n2,d)

Makes the structure empty.
Defines a path from node nl to node n2 with distance d
and makes the path member of set ill. With this command

the data structure can be filled.

Places the paths in set In with begin node equal to n also in
set II and places the paths in set ill with end node equal to

n from set ill to set 1.
Places the end node and its distance from the frrst path
within set n on the proper output ports.

The basic data element is also here the distance. This distance can be located within
the structure by its begin node and its end node. The basic data element and its locate
information can be member of either set I or set III and of set II. The begin node, the

end node and the set information all have to be linked to the distance. Now has to be

described what happens to this model when the functions are executed.

Reset
The structure will be emptied.

Write(nl,n2,d)
The path with begin node n1, end node n2 and distance d is added to the
structure. This path is made member of set ill.

In_I_D(n)
Every path in set ill with its begin node equal to n will be made member of

set II. Every path with its end node equal to n will be deleted from set ill and

made member of set 1.
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First_of_n(>D,>d)
The fIrst path of set II will place its end node and its distance on the

appropriate output ports and it will be deleted from set II.

When examining the structures functions it can easily be seen that a data element and
its locate infonnation are totally independent of the other data elements. Because of
this independent cells are used to store the data elements and their infonnation.
Therefore all cells have to be connected to data busses which are connected to the
input and output ports. The cells also have to be able to determine whether they are

empty or not. For this a fill flag can be used. A path can be member of set I or set ill
and of set II. This can be indicated by two set flags. One to indicate whether it is

member of set I or set ill (these exclude each other). And one to indicate whether it is
member of set II or not. The structure has to generate a signal which indicates whether

set II is empty. This can be realised by connecting the set II flag to a wired or
construction. Resolver logic is necessary to select the fIrst cell of a subset of the cells.

in in
resolver logic
to from fill status in

control

opcode

,-----If------3I set n
status

Figure 9.3) A cell to store a path of Dijkstras algorithm

Now the contents of the cell are defined (figure 9.3). To store the begin node, the end

node and the distance three registers are necessary. The fill flag and the set flags are
one bit master slave registers (during the execution of the functions the flags will load

their new state while their old state is read). The begin node and the end node can be

compared to the given node numbers with two equal to comparators. A cell has to be
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able to place its end node and its distance on the appropriate data busses. This can be

done with the bus buffers.

9.1.3 The data structures analysed
The order of the algorithm can be calculated as follows. All the functions take a

constant number of clock cycles to be executed. The frrst while loop is performed n

timest with n the number of nodes in the grapht because the algorithm places in every

cycle of the loop one node from set D in set S. The second while loop is performed as

many times as there are paths in set ll. This is the number of paths starting in the

current node and ending in a node in set D. The number of paths starting in the current

node is the upper bound for the number of loops. Thereforet the order of the algorithm

with the data structures in hardware is dependent of the number of paths within the

graph. This is indicated by O(v)t with v the number of paths within the graph. For the

worst caset a complete grapht this number will be n*n. The order of the algorithm then

is O(n*n). The order of the algorithm with the data structures in software is also

O(n*n) if the graph is represented by an adjacency matrix and O(v log n) if the graph

is represented by an adjacency list with a priority queue to store the nodes in set D

[Ah087].

There are three advantages of the data structures in hardware over the data structures

in software. The frrst advantage is based on the order of the algorithm. The order for

the data structures in hardware is better or at least as good as the order for the data

structures in software. The order for the data structures in software depends on the

choice of representation. When the number of paths is low compared to the maximum

of n*n the adjacency list representation results in a better order for the algorithmt
O(v log n) instead of O(n*n). Thereforet"before executing the algorithm the number of

paths has to be known. Then the best representation can be chosen. With the data

structures implemented in hardware this choice does not have to be made.

The second advantage is based on the speed of the hardware data structures. The

hardware structures perform their functions in one clock cyclet except for the function

minimum_D. This function takes a number of cycles dependent on the number of bits

necessary to store the distance. When the data structures are performed in software

these the functions are performed in a (large) constant number of clock cyclest
because every function is a sequence of processor instructionst each taking up at least

one clock cycle. Thereforet the algorithm with the data structures in hardware will be

faster.
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The third advantage is based on efficiency of the hardware data structures. The order
of the algorithm with the data structures in hardware is dependent of the number of
paths within the graph. This, however, is only an upper boundary for the order of the

problem. The hardware structure does not feed the algorithm with the unnecessary

paths that end in set S. Therefore, whenever the algorithm performs an operation, this

operation is useful to the solution of the problem. Useless tests do not have to be

performed. The actual execution time of the algorithm therefore will often be lower
than indicated by the order of the algorithm.

The algorithm needs very abstract data structures, which have to perform complex

functions. In software such very abstract data structures are projected on suitable data

structures like queues, lists, sets, etc. This extra projection can lead to even longer
execution times for the functions. The here described very abstact data structures can

be implemented directly in hardware. The resulting data structures in hardware meet
the two design goals. They are scalable in their depth and their width and, more
important, they perform the functions in one (or at least a number independent of the
number of data elements) clock cycle. The hardware data structures also only deliver

the data elements which need to be processed. Therefore, algorithm does not need to

check whether a data element has to be processed or not. The algorithm with hardware

data structures therefore, will be much faster then the algorithm with data structures in

software.

9.2 The decoder stack
In [Gro91] a coder/decoder is presented which is able to code and decode strings of

data elements, for example characters. The decoder produces the strings in the correct

order, but the characters within the string in reversed order. The proposed solution to

this problem is to use a stack to push the strings characters in reversed order on the
stack and to pop them from the stack in correct order. The disadvantage of this
solution is a string of N characters is pushed on the stack in N clock cycles and popped

from the stack in N clock cycles. So the maximum throughput of the stack is one
character per two clock cycles. The question here is whether a data structure can be
designed to support this problem and improve the throughput of the characters.

To solve this problem several strings produced by the decoder are presented in

figure 9.4 In figure 9.5 is indicated how the characters are placed in the correct order.
The following can be seen in this figure.
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String 1: S I H T

String 2: S I
String 3: N A
String 4: E L P M AX E

Figure 9.4) Four strings produced by the decoder

decoder output: S I H T SIN A E L P M A X E

S
IS
HIS
THIS
THISS
THISIS
THISISN

THISISAN
THISISANE
THISISANLE
THISISANPLE
THISISANMPLE
THISISANAMPLE

THISISANXAMPLE

THISISANEXAMPLE

Figure 9.S) The strings put in place character by character

After a string is inserted, all the characters of the next string are inserted right behind
that string. So this point has to be marked by a some sort of pointer, when inserting the
fIrst character of a string. The decoder stack can produce the correct strings as soon as
they are completely within the structure. This also has to be indicated. Here is

assumed that the frrst character within the structure always is visible at the output port.
The structure then has to perform the following functions.

Reset
Push_first(x)

August 1992

Makes the structure empty.
Inserts the frrst character of a string. This function is not
allowed when the structure is full.
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Pusb(x) Inserts an other character of a string. This function is not
allowed when the structure is full.

Pop Deletes the first character of the structure. This function is
not allowed when not a completely inserted string is up
front.

Pop/push first(x) Simultaneous execution of a pop and a push_first(x).
This function is not allowed when not a completely

inserted string is up front.
Pop/push(x) Simultaneous execution of a pop and a push(x). This

function is not allowed when not a completely inserted

string is up front.

9.2.1 The hardware design for the decoder stack

The basic data elements here are characters. These characters can be located within the

structure with a position. The first character to be deleted from the structure will have
position number one, the second character to be deleted will have position number
two, etc. All characters except the first to be deleted and the last to be deleted have a
predecessor and a successor. The first character only has a successor, the output port
can be seen as its predecessor. The last character only has a predecessor.

Reset
The structure will be emptied.

Push_first(x)

A pointer is set to point to the last character. This character now will be
named the pointer character. The new character will become the last
characters successor. It will get a position one higher than the last characters
position. This new character then will be the new last element (figure 9.6).

Pusb(x)
The new character will become the predecessor of the pointer characters
successor and the successor of the pointer character. It will get a position one
higher than the position of that character. All characters behind the pointer
character will get a position one higher than before (figure 9.7).

Pop

The first character will be deleted and the output port will become the

predecessor of the second character. This character will become the new first

character. All characters will get a position one lower than before (figure 9.8).
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Pop/push_first(x)
The same happens when flrst executing a pop and then executing an
push_first(x) (figure 9.9).

Pop/push(x)
The same happens when frrst executing a pop and then. executing an
push(x) (figure 9.10).

Figure 9.6)

pointer pointer
..v ..v

ffi®@ffiffi ffi®@ffiG)tB
Figure 9.7) Push(l)

pointer pointer
..v ..v

ffi®@ffiG) ®~G)ffi
Figure 9.8) Pop

pointer
..v

®~G)ffi
Figure 9.9) Pop/push first(S)
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Figure 9.10) Pop/push(I)

Here is chosen for the hardware implementation with the cells related to a position

within the data structure, so the predecessor and successor relation as well as the

characters positions can be implemented without extra hardware. The cells here will

be able to set themselves to empty or full with a fill flag. The pointer also will be
')

implemented with a flag, the pointer flag. These cells then have to perform the

following, when the functions are executed.

Reset
All cells will set their fill flag to empty and their pointer flag to no pointer.

Push_first(x)
The first cell behind the last cell to be full will load the new data element,

and all cells to be full will set their pointer flag to pointer. The first cell

now contains a character of a completely inserted string, when its pointer flag

is set to pointer. This easily can be checked.

Push(x)
The cell behind the cell the pointer points to will load the new character and

set its fill flag to full. All cells with their previous cells pointer flag set to

no pointer will load their previous cells character and will set their fill flag

to full.

Pop
All cells will load their next cells character and status.

Pop/push first(x)
All full cells except the last will set their pointer flag to pointer and will load

their next cells character. The last full cell will load the new character and

will set its pointer flag to no pointer.

Pop/push(x)
All cells with their pointer flag set to pointer except the cell the pointer

points to will load their next cells character. The cell the pointer points to will

load the new character and will set its pointer flag to no pointer.

Techniques for a cell to determine whether it is the last cell, the first cell after the last

Page 100 August 1992



Two practical ex.amples

cell, the cell the pointer points to and the cell after that cell are all described in

previous examples.

In hardware the number of cells is always limited. Therefore the structure has to signal

whether it is full or empty. This can be determined by checking. the last hardware

cells fill flag. A hardware structure of N cells is given in figure 9.11. These structures

can be coupled as seen in figure 9.12.

opcode t---tlI------II..----I...._-------1_----711

pointer in first cell
'pointer'

empty status
'full'

out

inl---_I---_t----tIt------t__~

Figure 9.11) A hardware decoder stack with N cells

'no pointer'

'en1pty'

full status

opcode

pointer in first cell
, inte'

empWsta~s
'full'

out

in

decoder
stack 1

decoder
stack 2

decoder
stackM

'no pointer'

'en1pty'

full status

Figure 9.12) M decoder stacks coupled as one big decoder stack

Now the cells contents will have to be defined (figure 9.13). The character will be

stored in a master/slave type register. The fill flag and the pointer flag each will be

stored in a one bit master/slave type register. The data can come from three possible

sources, the previous cell, the next cell and the data bus connected to the input port. A

multiplexer will perform the selection between the three. The control signals have to
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be generated by a local control unit. The control signals can be derived easily from the

descriptions of the execution of the functions.

opcode data in

~_--+----Inext pointer status

"--_--+-~ pointer status

L...-1-+-_---+_--1 next fill status

'-----1a__----tl.--++--Jf--1 fill status

fill status~_.......

previous fill status t----'

pointer status ~--+------1a__----tl.-_____

previous pointer status 1---1----,

data out ~_____

previous data in

next data in

'----__---------iI data out

Figure 9.13) A decoder stack cell

9.2.2 The hardware design for the decoder stack analysed

This data structure was designed to improve the maximum throughput of characters.

The maximum throughput with the stack was one character per two clock cycles. This

because with the stack is was not possible to perform a pop and one of the push

functions at the same time. With this data structure this is possible. Except for some
extra time needed to push the fIrst complete string on the decoder stack, the
throughput here is one character per clock cycle.
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Chapter 10 The second design method analysed

Again the list and the queue are implemented in hardware. Also with the second
design method this leads to hardware structures which resemble the structure of the

data elements. The second design method also leads to other designs for the two

structures. At fIrst sight these design seem worse, because a lot of hardware seems to
be needed to implement the resolver logic, the counters and other hardware
components that take care of the updating of the locate information. These designs,
however, indicate that it is also possible to implement a model of a data structure
differently than the most obvious way. The ideas of those designs can be useful in
other data structures, for example data structures with large data elements. Then the

amount of hardware needed to move all these data elements within the structure could
be larger than the amount of hardware needed to change the locate information.

The second design method also leads to a hardware design for the queue which is
based on a combination of the two concepts to define the contents of a cell. This
combination of concepts can also be seen at the hardware design for the double linked
list developed with the fIrst design method. There the structure of the cells resembles

the structure of the data elements. However, not only the data element is stored within

a cell also the pointer flag is stored in a cell. This pointer flag can be seen as part of
the locate information. Therefore, the two concepts to define the contents of the cells
should not be separated.

The second design method does not lead to the hardware design for the queue with the

short data busses. However, an indication is given how this design can be found. This
indication is further investigated in the next paragraph.

With the second design method it is possible to develop a hardware design for a tree

and a graph. Here only a basic idea to implement the tree is given. This is also done
for the graph. Also an example of an algorithm which operates on a graph is given.
There is found that it is possible (with the second design method) to implement high
level, abstract data structures directly in hardware. This is possible, because the
hardware design is not based on extensions of an existing design. It is a complete new

design to match the model of the data structure. The design is not limited by decisions
previously made to implement the existing design.

This indicates a missing part of the design method. Here the model of a data structure

August 1992 Page 103



Hardware implementation of data structures

is simply transformed to a hardware design. In practice this is done by fIrst describing

the necessary hardware to implement the most obvious functions like insert, delete and
read. This hardware, however, can limit the implementation of the other functions.

Therefore it is better to describe for every function separately, what hardware it needs

to be implemented. These hardware related models then have to be merged into one

hardware design. This can best be done when, per function, several hardware models

can be found.

The second design method is better then the first design method because it frrst

analysis the data structure. It does not simply propose a hardware structure and then

tries to implement all the necessary functions. It proposes a structure based on the

results of the analysis. These results are dependent of the functions that the data

structure has to perform. Therefore, the resulting hardware can be better matched to

the functions.

The following adaptation does not follow directly form the examples. The frrst two

design method both assume that the data elements, that the data structure has to store,

are basicly the same data elements inserted in, deleted from, etc. the data structure. It

is also possible that a data structure has to store another data structure. This leads to

hierarchically build data structures like a list of queues, a list of lists or a set of trees.

Also these structures have to be implemented in hardware with help of the design

method.

In chapter 12 the final design method developed during this graduation period is

presented. That design method is based on the second design method and the

improvements and adaptations suggested in this chapter.
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Chapter 11 Design method for short data bus
implementations

The second design of the queue only uses only short data busses. This is only possible
because the input port (or output port) can be seen to be connected to a certain data
element. Mter a clock cycle the port will be connected to the same data element or one
of its neighbour elements. For the latter case this means when the input (or output)
port is connected to a certain cell, the appropriate data element has to be moved to that

cell. Because this data element can only come from a selected number of cells within

the neighbourhood of the cell connected to the port an implementation with short data

busses has to be possible. So here a design method is proposed to implement a data
structure, which has the previously mentioned properties, in hardware with identical

cells and short data busses.

The frrst step of this method is to design a cell which is connected to all the input and
output ports so the data busses between the input and output ports always will be

short. In this cell for every port one space is reserved to store a data element. However

if two (or more) ports are always connected to the same data element only one space
has to be reserved. This cell is now seen as the only cell in the hardware structure. At
this point the cells internal behaviour can be defined by analysing what happens when

the functions are executed. Here also can be defined what sub data structures are
necessary to support overflow or underflow problems of the cell. When only one sub

structure is found which has the same behaviour as the original structure, all the cells

of the hardware implementation will be the same as the first cell. If the previous

condition is not true, the sub structures can be seen as new originals to be

implemented with this method.

Before describing two examples the following has to be noted. A structure that can be
implemented with only short busses also can be projected on a standard memory. Then

the structures functions probably will not be executed in one clock cycle, but the

execution time also won t be dependent of the number of elements within the data

structure.

In the next two sub paragraphs two examples of a data structure implemented with this

method are given. The queue is the first data structure. This is not as trivial as it looks,

because the short data bus implementation of the queue is not designed with this
method. Therefore this design method is good when it leads to the same hardware
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design for the queue as before. The double linked list is the second data structure to be

implement with this design method. Without function first this structure fulfils the

necessary properties for this method.

11.1 The short data bus implementation of the queue
The input port of the queue can be seen to be connected to the tail element of the

queue. The output port can be seen to be connected to the head element of the queues.

Only when the queue has one data element the head and tail are the same element.

Therefore, in the fIrst cell two spaces have to be reserved. One for the head element

and one for the tail element. To be able to determine whether these spaces are full or

empty two fIll flags will be used. Now the cells internal behaviour can be defIned by

analysing what happens when the functions are executed.

tail tail

0 0
head head

0 (0
basis write(A)

tail tail

0 8
head head

(0 (0
basis write(B)

tail tail

8 (0 B

head head

(0 (0 sub structure

basis write(C)

Figure 11.1) Several write(x) functions
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Reset
The cell will be emptied by setting both the flags to empty.

Write(x)
Here three situations occur. First when the cell is empty, the new data element

can be stored in both spaces. Here the head space will be chosen so the data
element is visible at the output port. Also the head flag will be set to full.
Second when the cell is half full the tail space will load the new data element

and the tail flag will be set to full. Third when the cell is full, the tail space

has to load the new data element and thus the sub structure will have to store

the old data element of the tail space. All this is indicated in figure 11.1.

tail tail

0 B 0
head head

8 sub structure 0 sub structure

basis read

tail tail

0 0
head head

0 sub structure 0
basis read

tail tail

0 0
head head

C0 0
basis read

Figure 11.2) Several read functions
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Read
The head space has to load the next data element stored in the queue. This
leads to three situations. First when the cell is full and the sub structure is not
empty, the next data element has to be loaded from this structure, because the
data element within the tail cell always is the last element written to the
queue. Second when the cell is full and the sub structure is empty, the data
element of the tail space is the next data element. So the head space has to
load this element and the tail cell has to be set to empty. Third when the cell
is half full, then there is no next data element, so only the head flag has to be

set to 'empty'. All this can be seen in figure 11.2.

tail tail

0 0
head head

(;) 8
basis read/write(B)

tail tail

8 C0
head head

(;) 8
basis read/write(C)

tail tail

C0 B 0 C

head head

(;)
sub structure 8 sub structure

basis read/write(D)

Figure 11.3) Several read/write(x) functions
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Read/write(x)

Here three situations occur. First when the cell is half full, the head space will
load the new data element thus deleting the old element. Second when the cell
is full and the sub structure is empty the tail space will load the new data
element and the head space will load the old data element of the tail space.
Third when the cell is full and the sub structure is not empty the tail space
will load the new data element and the sub structure will have to store the old
data element of the tail space. The fIrst data element inserted in the sub

structure will be loaded by the head space. All this is indicated in figure 11.3.

In this design the first cell has to insert a data element to a sub structure when it is full.
The cell has to load those data elements from the sub structure whenever a read is
executed and the substructure is not empty. This has to be done in the following order.
The first data element to be moved to the sub structure has to be the first element to be
moved back to the fIrst cell. This is exactly the same behaviour as the original

structure, so the cells found here are the cells to build a queue. The cells designed here

have the same behaviour as the cells developed in the second short data bus
implementation of the queue.

11.2 The short data bus implementation of the double linked list
The double linked list can only be accessed at the data element the pointer points to.
This pointer can only be moved to point to the previous or next element within the

structure, when the execution time of function first doesn t have to be implemented

in one clock cycle. So this structure also is a candidate to be implemented with only

short data busses and can be used to test the previously described design method.

The input port as well as the output port of the list can be seen to be connected to the
data element the pointer points to. Therefore in the first cell only one space has to be
reserved for that element. To be able to detennine whether this space is full or

empty a fill flag will be used. Now the cells internal behaviour can be defined by
analysing what happens when the functions are executed.

Reset

The cell will be emptied by setting the fill flag to empty.
Insert(x)

The cell will load the new data element and the fill flag will be set to full . If
the cell already contains a data element this element will be inserted into a
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sub data structure which will store the elements after the pointer (figure 11.4).

Delete
The cell will have to load the next data element within the structure. This next
element is the last data element inserted in the substructure which stores the

elements after the pointer (figure 11.5). This describes the behaviour of that
sub structure. The last element inserted to it is the first element deleted from
it. This is the behaviour of a stack (or LIFO).

Replace(x)
The cell will load the new data element.

Next
The cell has to load the next data element within the structure. The element it
contains has to be inserted into a sub structure which will store the elements
before the pointer.

Previous
The cell has to load the previous data element. The old data element of the

cell has to be inserted in the first sub structure. The previous element is the

last element inserted in the sub structure which stores the elements before the

pointer. Also this sub structure has the same behaviour as a stack. All this can
be seen in figure 11.6.

data data

0 (0
basis insert(A)

data data A

(0 0
sub structure

basis insert(B)

data A data B A

G)
sub structure

0
sub structure

basis insert(C)

Figure 11.4) Several insert(x) functions
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data BA data A

(0
sub structure

0
sub structure

basis delete

data A data

0
sub structure

(;)
basis delete

data data

(;) 0
basis delete

Figure 11.5) Several delete functions

The structure also has to be able to determine whether it is full or empty, or whether
the pointer is pointing to the fIrst empty space behind the list. The fIrst cell can
determine the empty state by checking its fIll flag and the status of the second sub

structure. Only when both indicate empty the list itself will be empty. The list will

be full whenever there are as many data elements within the list as the smallest sub

structure can store (this because the pointer has to be able to reach all the elements
within the list). The fIrst cell can determine this by using a counter which represents

the number of data elements within the list. The list will be full whenever this counter
equals the maximum number of elements the list can store. The pointer will point to
the fIrst empty space behind the list whenever the fIrst cell is empty. The resulting fIrst
cell is given in fIgure 11.7).
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data DCBA data CBA

G)
sub structure

0
sub structure

E
sub structure

basis next

data CBA data BA

0
sub structure

(0
sub structure

E DE
sub structure sub structure

basis next

data BA data A

(0
sub structure

8
sub structure

DE CDE
sub structure sub structure

basis next

data A data B A

8
sub structure

(0
sub structure

CDE DE
sub structure sub structure

basis previous

data BA
sub structure

DE
sub structure

data CBA
sub structure

E
sub structure

basis previous

Figure 11.6) Several next and previous functions

This design has the disadvantage only half of the cells of the two sub structures will be
filled at maximum. This can be eliminated by linking a pointer flag to the data

elements. This pointer flag is set to after, when a data element is in the fIrst sub
structure. It is set to before, when a data element is in the other sub structure. Now
both the sub structures can be coupled by coupling their last cells (figure 11.8). This
will lead to a new sub structure which can be seen as a bi-directional shift register,
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with some extra functions. The frrst cell of the new sub structure is the fIrst cell of the

fIrst stack and the last cell of the sub structure is the fIrst cell of the second stack. The

functions of this structure are the same as the lists functions.

opcode

in

fill status
fm;t ~mpty
cell sIgnal

out

,

,

ll~
,

/ ,/ ~

\ mux t
f' J fill

F' ,
/ control
~
:'- ,1/

I ~
1/

data f' ,
I' ~

..J../ ":' - ,

opcode
empty status

after stack
fill status
in
out

opcode

empty status before stack
fill status
in
out

Figure 11.7) The first cell and the sub structures

opcode - ----t ------__--....--

pointer status in/out

fill status in/out

data in/out

pointer status in/out

fill status in/out

data in/out

after stack before stack

Figure 11.8) The two stack coupled by their last cells

Figure 11.9) The initial situation with C, B and A representing after
pointer and F and E representing before the pointer (D is in
first cell)
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An example is given in figure 11.9. This figure 11.9 is the initial figure. Now has to be

determined how a cell will have to behave when executing one of the functions.

Reset
A cell will set its fill flag to empty and its pointer flag to after

Next
A cell will load the contents of its next cell and the last cell will load the

contents of the lists first cell (with the pointer flag set to before

figure 11.10).

Previous
A cell will load the contents of its previous cell and the first cell will load the

contents of the lists first cell (with the pointer flag set to after figure 11.11).

Insert(x)
A cell will check whether its previous cells pointer flag is set to after. If so it
will load the contents of that cell, otherwise it will do nothing (figure 11.12).

Delete
A cell will load its next cells contents when its pointer flag is set to after,

otherwise it will do nothing (figure 11.13).

Replace(x)
All the cells of this structure have to do nothing, because this function only

operates on the first cell of the list.

GGDD[JGG
Figure 11.10) Next (now C in first cell)

GGGGDD[J
Figure 11.11) Previous (now E in first cell)
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Figure 11.12) Insert(K) (now K in first cell)

Figure 11.13) Delete (now C in first cell)

The contents of a cell are given in figure 11.14.

opcode

next data in

,-__--1 next pointer status

'--__---->I pointer status

L...-.H------1 next fill status

'----I._----tl._--+-+------) fill status

'------.;__---------31 data out

fill status IE---"""",

data out "....---".

previous data in

previous fill status 1---_-/

pointer status r.--+-----t_---t..._______

previous pointer status t----+-----,

Figure 11.14) A coupled stack cell

The lists first cell now again will use a counter to detennine whether the list is full.

Whenever the counter equals the number of cells in the sub structure, the list will be

full. This always leaves one empty cell in the hardware design of the list (one

element is stored in the first cell of the list). Therefore the end of the sub list before

the pointer as well as the end of the sub list after the pointer can be identified. Now it
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is also easy to check whether the pointer points to the fIrst empty space behind the list.

This situation occurs when the fIrst cell is empty. Again checking the fIll flag of the

fIrst cell is suffIcient.

11.3 The design method for short data bus designs analysed
The hardware design for the queue here is identical to the one found previously. The

hardware design for the double linked list only uses short data busses. Therefore these

examples indicate that the design method performs as expected. This method can be
seen as a new concept to defIne the contents of a cell. This method has to be used after

the construction of the model of the data structure. Based on this model can be
determined whether the data structure has the necessary properties for this method.
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Chapter 12 The final design method

In this chapter the design method developed during this research period is presented. It

is based on the two design methods described in the previous chapter. Before this a

brief introduction is given of the ideas behind the master thesis project, which have led

to the fmal design method.

12.1 The ideas behind the final design method
A data structure has to perform several functions. The execution of such a function

often implicates several changes within the data structure. When a data structure is

implemented in software all the changes have to be performed sequential. Therefore

the execution time of the function will be dependent of the number of changes within

the data structure (this is often dependent of the number of data elements within the

data structure). When a data structure is implemented in hardware, parallelism can be

used to perform all the changes within the data structure simultanuous. The execution

time then often can be reduced to a number of clock cycles independent of the number

of data elements (preferably one clock cycle).

As described in chapter 2 a data structure can be specified by the following three

points:

- A description of the data elements the data structure has to store.

- A description of the functions the data structure has to perform.

- A description of the boundary constraints which the data structure has to meet.

The final design method first constructs a model of the data structure based on the

specification of the data structure. This model is constructed in three steps. First is

described what data elements have to be stored by the data structure. Second is

described how the data elements can be located within the data structure. Finally is

described what happens within the data structure when a function is executed. Then

the model is transformed into a hardware design via four steps. First, for every

function all possible hardware designs are described. These hardware designs are all

build of identical cells. Second, per function one hardware design is chosen to be

merged to the hardware design of the other functions. Third is described how the

hardware structure can generate the necessary status information. Finally the contents

of the cells are defined.
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Before the final design method is started a data structure has to be checked for over

specification and under specification. This is described in the next paragraph. In the
other paragraphs the final design method is described.

12.2 Redefine the data structure when necessary
This step is not really a part of the design method. It is, however, a necessary step to

implement the data structures more efficient in hardware. The hardware

implementation of a data structure can not be altered once it is build. Therefore, before

implementing a data structure in hardware, it has to be defined correctly. There are

two points to consider.

The first point is about the amount of hardware needed to implement a data structure.
The implementation of a function in hardware can lead to extra hardware components.

Therefore all functions should only perform the necessary actions. They should not

add extra features, which are not necessary for the application, because this can lead to

extra unnecessary hardware.

The second point is about the efficiency of the data structure. First, the parallelism
introduced by the hardware can also be used to implement new functions in hardware,
which previously only could be implemented by a software algorithm. Examples are
the function minimum and maximum for a set. These functions should be added to the

function set of a data structure, when the application needs those functions. Second,

the parallelism, in combination with the structure of the hardware, can be used to

support the flow of the data elements. The most obvious examples of this are the stack

and the queue. The decoder stack is an example of a more complex flow of data
elements. The data structure thus can be designed to support a certain flow of data,

when the application needs that flow.

12.3 The model of the data structure
In this paragraph the model of a data structure is constructed. This model is based on

the specification of a data structure. With this model can be analysed what happens

within a data structure when a function is executed and how this can be described.

12.3.1 The basic data elements of a data structure
The first step to construct the model is to determine the basic data elements. These

basic data elements often can be found in the specification of the data structure. There

is described what sort of data elements have to be stored by the data structure.These
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data elements often can be seen as the basic data elements. When the specification of
the data structure does not specify these elements, often the elements that are inserted
in, deleted from, updated in, etc. are good candidates for the basic data elements.

A data structure can also be constructed hierarchically out of several other data
structures. For example a list of queues, a list of lists, a stack of lists. To detennine the

basic elements of these hierarchically constructed data structures there are two

possibilities.

The first possibility is to see the basic elements of a hierarchically lower data structure
as the basic elements. With this technique then hardware will be designed which
exactly matches the demands of the data structure. This because the hardware
implementation of the data structure is not limited anywhere in the design path by
decisions made earlier for the hierarchically lower data structure.

The second possibility is to design first the hierarchically lower data structure. Then
this structure can be seen as the basic data element of the hierarchically higher data
structure which is designed after the hierarchically lower structure is designed. It is
also possible to use a pointer as a reference to the hierarchically lower data structure.
The pointer then will be the basic data element of the actual data structure. A
disadvantage here is that at least one clock cycle delay will occur, because a data

element within the hierarchically lower data structure only can be located after the
pointer has been located within the hierarchically higher data structure.

12.3.2 How is a data element stored within the structure
At this point has to be described how' a data element can be located within the
structure. Examples of this are can be found in the previous chapters. There the
elements could be located by their position within the data structure. This position

could be relative to a fIXed position or relative to another data element. Also

descriptions like successor, predecessor, parent, child and left/right/upper!1ower/etc.
neighbours can be seen as locate information. This locate information has to be linked
to the data element it belongs to. In the next paragraph, the locate information is used

to describe what happens within a data structure, when a function is executed.

12.3.3 What happens when a function is executed
Here has to be described what happens when a function is executed. This can be

described as changes in the locate information. This will lead to descriptions like: the
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address of this data element will change to this number or to the address of its

successor/predecessor, this data element is now placed between these two data

elements, all the addresses of the data elements after this one have to be incremented.

It is very important that all the changes in all the locate information are described.

This because based on these descriptions the hardware designs are constructed, which

implement the functions. When there are a lot of ways to describe the changes, a lot of
hardware designs can be constructed per function. This simplifies the merging of the
hardware designs of the functions later on in the design method.

The basic data elements, the locate information and the descriptions of this paragraph

defme the model of the data structure. This model now has to be transformed to a

hardware design. This is described in the next paragraph.

12.4 From model to hardware design
Now the model of the data structure has to be transformed to a hardware design. This
hardware design is also here build of identical cells, so the design can easily be scaled

in its width and depth. The hardware design is designed as follows. First, for every

function separately, as many as possible hardware designs have to be constructe, so all

the functions get an equal change to be optimal implemented in hardware. Second,
from every function one design is used to be merged into one hardware design that
supports all the functions. The merging of the designs often becomes easier when

there are as many as possible hardware designs constructed per function. Then has to

be described how the merged hardware design can generate the necessary status

information, like the full and empty status. Finally, the contents of a cell has to be

defined. All this is described in the next sub paragraphs.

12.4.1 Define the cells of a hardware design
There are three concepts to define the cells. The first concept leads to a hardware
design with only short data busses. The second concept leads to a hardware design

with the structure of the cells resembling the structure of the data elements. The third

concept leads to a design with all independent cells, which store the data elements as

well as the locate information. These concepts do not exclude each other. Therefore it

is possible that the cells of the merged model (in the next paragraph) are a mixture of
the three concepts.
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The frrst concept can only be used to implement those models which fulfil the

necessary property. This property states that the input and output ports of the data

structure can be seen to be connected to data elements with a certain characteristic

feature. This feature can only be moved to a limited number of data elements within

the neighbourhood of the data element which has that characteristic feature. The exact

concept is described in chapter 11 and therefore will not be repeated here. In

chapter 11 also two examples are given.

The second concept translates some or all of the locate information into a structure for

the cells. The structure of the cells then often resembles the structure of the data

elements within the data structure. A data element then can be located easily by

selecting the proper cell. Because the cells are have a fixed location, the selection

mechanism can more efficient be implemented. For example the one dimensional data

structures in which a position easily can be selected by a normal address decoder.

Also because the cells have a fixed location, a data element has move to the cell with

the proper location, when a function is executed. This concept is very favourable for

data structures where the data moves also can be expressed in the structure of the cells.

For example data can only be moved to and from successors or predecessors. This

indicates the frrst disadvantage of the concept. When a data elements has to be able to

be moved from one cell to all other cells, the second concept will lead to designs

which can not be implemented, because the data paths will be exponential to the

number of cells within the data structure. The second disadvantage of the second

concept occurs when a the structure of the cells is more dimensional. Then if one

dimension is full, the whole hardware structure is full. This means that the hardware

structure can be full, when only a relative small number of cells us used. Attempts to

link the unused cells of another dimension to the full dimension will lead to hardware

structures in which all cells have to be connected to each other and where the cells are

not related anymore to a position within the data structure (like in the connection

machine). The third disadvantage of the second concept occurs when the basic data

elements are large. Then a large amount of data has to be moved between the cells,

which leads to very wide data busses.

The third concept defmes cells which each store a data element as well as its locate

information. This will lead to cells which are totally independent of each other. The

cell now has to be able to interpret the locate information, for example compare it with

data on a data bus, to determine if the data element it contains has to be selected. The

cell also has to be able to change the locate information within it. This is necessary

when a function is executed. The main disadvantage of this concept therefore is the
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huge amount of extra hardware necessary to perfonn the interpretation and changing

of the data stored within a cell.

12.4.2 Merge the hardware designs
Now a hardware design that supports all the functions has to be constructed. To
construct this design, per function the hardware designs are selected that do not

exclude the designs of the other functions. Per function the best design is chosen. The
designs of all the functions then are merged into one hardware design. However, there
are situations where the merging always leads to one or more conflicts between the

designs of the different functions. These conflicts can only be eliminated when there

are more or different designs to choose from. More or different designs can be found,

by going one or more steps back in the design process.

One step back can lead to more hardware designs to implement the functions. Two
steps back can lead to more descriptions of the changes of the locate infonnation,
caused by the execution of a function. Tree steps back can lead to extra locate

infonnation. Four steps back the choice of basic data element can be changed. When

all this does not work the only solution is to redefme the data structure. The

specification of the data structure can be redifined by changing the boundary

constraints. It is also possible to delete the functions that cause the most trouble. These
functions then have to implemented in software. This will probably lead to a data
structure which has to perfonn simpler functions. This data structure will be easier to
implement in hardware.

12.4.3 The status information generated by the hardware design
Now has to be describe how the hardware design can generate the necessary status

infonnation, for example the full status, the empty status or an error status. The status
infonnation can be generated by a global control unit or it can be derived from the
cells. The second option can be used when the cells do not have to be adapted to much

to generate the signals. Examples of this are the full and empty status for the structures

with a fill flag. The frrst option can be used for the other situations.

12.4.4 Define the contents of a cell
At this point the contents of a cell has to be defined. The contents of a cell is build of
standard building blocks, like registers to store the data elements and the locate

infonnation, multiplexers to select between several data busses, comparators to

compare the stored data. The functions of the data structure are translated into control
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signals for the hardware components. When the control signals are also dependent of

the local situation, the control signals have to be generated by a local control unit.
Otherwise a global control unit can be used to generate the necessary signals.
Here has to be described whether the cells are independent of the number of cells in
the structure. Independent means that for data structures with different numbers of
cells, the size of the hardware components remains the same. With this information it

will be clear whether it is possible to expand a hardware data structure simply by
adding cells or by adding cells which themselves have to be altered.

12.5 The design method in practice
The design method will lead to a huge amount of descriptions to defme the model of
the data structure. It also will lead to a huge amount of hardware designs to implement
the functions. Most of those descriptions and designs are less useful to implement the

data structure in hardware. Therefore, a more experienced designer will only use those

descriptions and designs that seem most promising. This will speed up the design

process. There are, however, two disadvantages to this approach. The fIrst

disadvantage is that there are less designs available for the merging. This increases the
change of a conflict situation. Then the designer has to go back one or several steps in

the design process. The second disadvantage is that a designer can be tempted to use
designs that were very profItable for the implementation of previously implemented

data structures. These designs do not have to be profitable for the current data

structure to be implemented. Therefore, it is important to always keep an open mind

for alternative designs and not to look only for the most obvious designs.
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Chapter 13 Ideas for future research

In this chapter several ideas are presented, which can be used in implementing the data
structures in hardware. In paragraph 13.1 an idea is described which makes it possible

to store several identical data structures in one hardware structure, so all available

storage space can be used for all data structures. In paragraph 13.2 an idea is described
to diminish the hardware overhead of the cells. In paragraph 13.3 is described what

can be done to handle overflow problems.

13.1 Several identical data structures in one memory
All the example described before, use for every data structure one hardware structure.

Also when several identical data structures are necessary, then several identical
hardware structures are necessary. The disadvantage of this approach is that every
structure only can store a limited number of data elements and when one structure is
full, it cannot use the empty spaces of the other structures. There are two possible
structures to eliminate this problem. The fIrst possible structure consists of several
hardware structures. Every structure can be used to store a data structure. When a
structure is full a switching network will connect the full structure with an empty one,
so together they form a bigger structure. This switching network thus has to be able to

detect whether a structure is full or empty. It also has to be able to connect every

structure with an other structure. The second possible structure consists of a new
hardware structure in which it is possible to store several identical data structures.
Within this hardware structure one large data structure can be stored as well as several

smaller ones. The implementation of a structure which can store several random

access lists is given as an example of how this can be realised.

The cells of the random list form the basis of this structure, however here the fIrst data

element is stored within position zero. Now every data element not only has a position
within a list but it also belongs to a certain list. Therefore a list number has to be

linked to a data element. This is given in figure 13.1). the problem here is that the
position of the cell does not resemble the position within a list anymore. The following
procedure can be followed to determine in which cell a data element of certain list is
stored. First the position of the first data element of that list has to be determined by
checking all cells whether they contain the number of the list. The first cell which

contains that number then puts its position on a bus. The position within the hardware

structure of the other elements can be calculated by adding the data elements position
within the list to the position of the first data element (figure 13.2). Therefore, the
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positions within a list can be determined, when the position of the flrst data element of

that list is detennined. The insert and delete functions can be implemented as before

(figure 13.3 and 13.4). The reset function however can only be implemented by

deleting the lists first element as many times as there are data elements within the list.

list A

cell position 0

data element L
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Figure 13.1) List A and list B stored in one structure
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Figure 13.2) First(B)
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Figure 13.4) Delete(O)

Page 126 August 1992



Ideas for future research

This structure can also be used to represent a tree with its children ordered from left to
right. The list number then resembles the parent node, the data elements resemble the
node numbers of the children. The fIrst element of a list then will be the left most

child. The structure can also be seen as a combination of a list and several sets. The

list number indicates in which set an element can be located. This is interesting when

an ordered list is used. Then an ordered set memory could be constructed.

13.2 Diminishing the hardware overhead of the hardware
structures

All the implementations of the data structures have a very bad transistor per bit stored

information ratio. In some applications this ratio could be improved by adding a

private memory to every cell. The cell then can load and store all of its registers in that

memory (fIgure 13.5). All cells will perform these functions at the same time and thus

a complete structure then can be loaded from or stored in a certain position within this

memory. All cells therefore access the same position within the memory and thus only
one address decoder will be necessary (fIgure 13.6).

cell

1 T
~

, 0, ,
, 1

address /

, ..
decoder ,

'" m-2,
, m-l,

memory
address

Figure 13.5) A cell with a private memory of M spaces. Each space can
store all the cells registers

This concept is only useful when the application operates on only one structure at a

time. Perhaps this concept also can be used to represent one large data structure in

several blocks as big as the number of cells within the hardware structure.
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cellNcellI cell 2

1 T 1 T
~ " 0 ~ 0 ~7 / 7
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" m-2 ~ m-2 ~/ /

" m-I I -) m-I ~,

memory
address

Figure 13.6) A complete structure with each cell connected to a private
memory

13.3 How to handle overflow
With the current software implementation of data structures, a structure will be full
whenever the memory is full. A technique to eliminate this problem is to use a very
large virtual memory. This virtual memory is then divided into blocks of a certain
magnitude. This virtual memory then is stored on a background memory. Only the
blocks that are necessary at a certain time are loaded in the computers main memory.
When other blocks are needed, fIrst some blocks are swapped from main memory to
background memory. This is only possible because with the software implementations

of the data structures a function has effect on only one data element during one clock

cycle, all the other data elements only hold their information.

This is the reason why this technique cannot be used with the hardware structures.
There a function can have an effect on more then one or even all data elements. This
means that all data elements have to be available in the computers memory. Otherwise
the one clock cycle per function can not be realised. It is also not possible to split the

hardware structures in blocks and to execute the functions in time dependent of the
number of blocks. This because it takes time dependent of the size of the blocks to
load a new block and therefore the execution time of the functions will be dependent

of the number of elements within the structure.

Page 128 August 1992



Ideas for future research

The only hardware structures which can be swapped to a background memory, are

those hardware structures that can be implemented with only short data busses. This
because these structures only can be accessed at one (or more) fixed point(s). This
point is located in the head cell of the structure. It can not be moved randomly through
the structure. Therefore, there always is a (or several) sub structure that stores the
other data elements. Within such a substructure only a few data elements can be
accessed by the head cell in one clock cycle. The others can be accessed in two, three,
four, etc. clock cycles. Therefore it is possible to implement a part (or the whole)
substructure in a background memory. This memory then performs the same task as

the substructure.
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Chapter 14 Conclusions and recomendations

The result of this research period is a design method to implement data structures in
hardware. This design method fITst constructs a model of the data structure based on
the specification of the data structure. This model is constructed in three steps. First is
described what data elements have to be stored by the data structure. Second is
described how the data elements can be located within the data structure. Finally is
described what happens within the data structure when a function is executed. Then
the model is transformed into a hardware design via four steps. First, for every
function all possible hardware designs are described. These hardware designs are all
build of identical cells. Second, per function one hardware design is chosen to be
merged to the hardware design of the other functions. Third is described how the
hardware structure can generate the necessary status information. Finally the contents
of the cells are defined.

The design method is developed in several stages with help of relative simple data
structures. This method is certainly not the final stage of the design method. The path
dictated by the method is based on very large steps. Every step uses a lot of the
designers feeling for the subject, his or hers creativity and his or hers knowledge of
hardware techniques to implement certain functions. Therefore, the steps have to be
refined so a more predefined design path can be followed. A good example of such a
predefined design path is the method that leads to short data bus designs.

During the development of the design method several well known data structures have
been implemented in hardware. The h~dware designs for these data structures all
meet the two design goals, the designs execute the functions in a constant number of
clock cycles and the designs are scalable. For ~ose data structures, the design method
works properly. This could be expected because the design method is based on the
results of the implementation of those data structures. Therefore also two special data

structures have been implemented in hardware with the design method. Also the

hardware designs for these two structures meet the design goals. It is, however, still
necessary to test the design method by implementing a lot (more complex) data
structures. Based on the results of these implementations can be determined whether
and how the design method has to be refined and expanded.

The hardware designs for the example structures have proven that new or complex
functions can be implemented in hardware with execution times independent of the
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number of elements within the structure. This are functions like inserting or deleting a

data element and simultaneously move the other data elements to the right position,

inserting data elements in sorted order, determining the minimum or the maximum and
checking whether data elements belong to a set (or several sets). With these functions

it is possible to optimise the performance of the data structure. Therefore it is useful to
search for more implementations of new or complex functions.

As can be seen in the Dijkstra example and the decoder example a data structure is

most favourable when it is specially designed to support an algorithm. Therefore it is

not very useful to implement the well known data structures in hardware and use these

to support the algorithms. Much more effective data structures can be designed when
the data structures are designed to support a specific algorithm. This because it is
possible to implement even very complex data structures that perform very complex
functions directly in hardware. In software these complex data structures are
implemented by projecting them on standard well known data structures. The

(complex) functions then are implemented by sequences of functions performed by the

standard data structure. In hardware this extra projection step is not necessary. The

data structure needed by the algorithm can directly be implemented in hardware.

Therefore it is important to describe algorithms only with the abstract data structures
they need and try to implement these abstract data structures directly in hardware. Do
not try to project the abstract data structures on standard data structures which are
implemented in hardware. This can reduce a large part of the improved performance

offered by the hardware implementation.

The design method has some resemblance to the methods used to design systolic

arrays. Here the functions performed by a data structure are described as simple
actions to be performed on the data elements of the data structure. These simple

actions then are performed in parallel so the function itself can be performed in a
constant number of clock cycles. The design method leads to designs build of identical
simple cells that perform the actions. The designs with the short data busses have a

very good resemblance with the systolic arrays. Here also the number of cells

communicating with the environment is limited. Also the method to design these. short

data bus designs resembles the design methods for systolic arrays.

All cells designed during this graduation period contain the same elements. They all
contain several registers to store data elements, status information, etc. They also

contain multiplexers to select the proper data busses and comparators to compare the

stored data. The cells also have a local control unit which controls the other hardware
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components based on the status infonnation and the results of the comparators. This

local control unit always is a combinational logic circuit. It would be convenient if
such a cell could be defmed in IDASS with only a description of how many registers
of what size and a description of the control flow. The program then transfonnes these
descriptions in a control unit, multiplexers, comparators and perhaps other devices like

counters. Then a description of the connections between cells and between cells and

the input and output ports and the number of cells will define the hardware structure.
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