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12.2.1 Pin description and constraints

The description of the various pins of the device is split into a description of power supply pins, asynchronous
pins, synchronous pins and control pins.

Power Supply

All power supply pins must be connected to the correct polarity of supply for the device to operate correctly.
The supply must be decoupled by a capacitor with a value of 100nF or more which is suitable for high
frequencies (e.g. multi-layer ceramic). One or more should be mounted as close as possible to each device
and the lead lengths of the capacitors should be minimised. The device is designed to operate with a single
supply of between 4.5 and 5.5volts.

Synchronous Input/Output

The synchronous pins of the device are CLOCK, GO, OUTRDY, Dataln[0..15], DataOut[0..11] (multiplexed)
and Cascadeln[0 ..11] (multiplexed).

The clock

The CLOCK input pin requires a non-standard input signal of >4.0volts for a high level and <0.5volts for a
low level. The waveform needs to be monotonic between these two levels. Details of how this is achieved are
given in later sections of this application note. In general, a CMOS level clock driver with proper termination
will be needed. The CLOCK pin forms a large capacitive load (12pF typical, 15pF max.) which needs to be
considered when designing the clock driving system.

The CLOCK is the source of synchronisation between cascaded IMSA100 devices; GO, Dataln[0 ..15] ~nd
Cascadelt1,,0..11] all sample in response to it. The output signals DataOu(0..11] and OUTRDY are also
timed from the clock. When the IMSA100 devices are programmed to operate in the normal mode the timing
constraints associated with the transfer of data between adjacent cascaded IMS A100 devices is less rigorous
than in 4 bit or fast modes. If the devices are being used in fast output or 4 bit modes it is important to keep
the timing skew of the clock between devices to a minimum. In practice, it is not a good idea to buffer the
clock between devices in these modes. If a master generated GO pulse is being used, a common clock
is recommended. The maximum clock frequency for an IMS A100 is normally 20.8MHz, (a 30MHz version
device is also available) but the device is fully static and will therefore operate at any frequency below this.
It is also possible to start and stop the clock, provided no single phase becomes shorter than the minimum
indicated in the data sheet.

GO

The GO pin initiates a compute cycle of the IMSA100 and synchronises the devices in a multiple IMSA100
system. The GO pin is sampled on every rising edge of CLOCK when the IMSA100 is idle, and no com­
putation cycle is in progress [1]. When a '1' is sampled, a computation cycle is started, and the Dataln pins
or data input register DIR is sampled on the next rising edge of CLOCK. The GO pin will not be sampled
again until it is possible to commence another cycle. It is therefore possible to leave the GO pin at a '1' level
following the initial clock edge, if the maximum data throughput is necessary. The number of clock cycles
between successive GO samples and the result appearing at the output, are dependant on the coefficient
word length setting [1]. Cascadeln[O .. 11] is also sampled following a GO signal.

For the GO pin to be an input, the IMSA100 is set to be a slave by setting SCR[Ol to a '0'. However, the
IMS A100 can be programmed to provide a GO signal for itself and for other IMS A1OOs by setting SCR[Ol
to a '1'. This causes the device to send a signal from it's GO pin in response to a value being written to it's
DIR register. The falling edge of this signal indicates when new data can be safely written to the IMS A1OOs
in the system. This feature is particularly useful in small systems where a microproccessor is being used
to provide data. It should be noted that the master IMS A100 is only· designed to drive itself plus another 3
devices (maximum load < 20pF) when operating at the maximum clock rate. However, at slower clock rates
more devices can be added in line with the following table.
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Max clock Freq. Max no of slaves Length of filter

20 MHz 3 128
17.5 MHz 4 160
16 MHz 5 192

15 MHz 6 224
10 MHz 10 352
5 MHz 30 992

It is possible to buffer the GO signal from the master IMS A100 providing the buffer is fast enough. The
propagation delay for such a buffer with a 5pF input capacitance as a function of the IMS A100 clock period
is given below.

TPbuffer < Tclk - 46ns

An alternative method of buffering the GO signal is discussed in the section of this note dealing with large
systems.

Data Input bus

This 16 bit wide Dataln[0 .. 15] provides high speed data to the IMS A1OOs when SCR[1Jis programmed to '0'.
Usually, Dataln[O .. 15] will be common to all the IMSA100s in a given cascade. The data is sampled on the
rising edge of the clock following the acceptance of a 'GO sample' by the devices. If this bus is being. used
to provide data, the IMS A100 must be in slave mode and cannot be used as a master. Each pin represents
a capacitive load of about 5pF.

Data output bus

The 24 bit result from the IMS A100 is multiplexed through DataOut[0 .. 11] as two 12 bit words, the least
significant word being first. The.most significant word follows and remains on the pins until the next least
significant word is available. The timings of the signals are dependant on the coefficient word length and
the normallfast setting as defined in the SCR. In the 4 bit and fast modes the least significant word is only
available on one rising edge of CLOCK, with the most significant word being sent immediatly following the
same edge. In the 4 bit mode running at full speed, every rising edge is used to both latch the output data
into the Cascadeln[O .. 11] pins, and to cause the output data to change to the new value. The advantage of
the fast output mode is that the complete 24 bit output word is made available at the earliest possible time,
whereas the normal mode delays the most significant word slightly. This eases the timing constraints of the
circuitry sampling the output data. All devices in a given cascade must be set to the same coefficient word
length and fast/normal option. The output drivers used on the data output pins are designed to drive small
loads (e.g. 2 TTL inputs or about 15pF) with a 20MHz CLOCK in the fast or 4 bit modes. Even in the normal
mode the load should not exceed 30pF on these pins.

Output ready signal

The output ready pin OUTRDY is provided to indicate when the two 12 bit output words from the data output
pins are valid. It can be used to demultiplex the output into registers, and also indicates when the data has
been stored in the data output registers DOL and DOH. The falling edge of the OUTRDY signal indicates that
the least significant word on the output is valid, whilst the rising edge indicates that the most significant word
is valid and that the DOUDOH registers contain the new output data value. As in the case of DataOut[O .. 11]
the timings of this signal are dependant upon the coefficient word length and the fast/normal mode setting.
Again, the timing constraints are eased when the device is operating in the normal mode on 8 bit, 12 bit
and 16 bit coefficient sizes. In the fast or 4 bit modes the OUTRDY signal is triggered by the falling edge of
CLOCK following the rising edge of CLOCK which changes the output data. The OUTRDY pin should have
a similar loading to the data output pins for optimum timing, and this should not exceed the limits set for the
data output pins.

The OUTRDY signal can be used to supply a clock for a D/A converter which, if it uses less than 12 of
the available 24 bits, will only require one of the two 12 bit words, thereby avoiding the need for demulti­
plexing logic. When demultiplexing is required, it can be achieved using two sets of edge triggered latches
(e.g. 74ACT374) which are clocked by OUTRDY and it's inverse (figure 12.1). It is suggested that any ex-
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ternal logic associated with the DataOut[0 .. 11] and OUTRDY pins be of a fast TTL compatible CMOS logic
type (Le. FACn in order to minimise loadings.

Cascade Input port

The cascade input port allows multiple IMSA100 devices to be cascaded together in a chain. Like
DataOut[O.. 11], Cascadeln(O.. 11] is 12 bits wide and two words are used to form a 24 bit word with the
least significant word being sampled first. The cascade input timings are given in the device specification, but
it should be noted that the OUTRDY signal does not normally coincide with the sampling of Cascadeln(O.. 11].
The cascade input of the first device should be grounded unless data is to be supplied to it.

Memory Interface asynchronous Input/output

The memory interface is the asynchronous part of the system. It is designed, as far as is practical, to appear
as a memory mapped peripheral. To achieve this there are chip select, chip enable, read/write and address
and data bus signals, which will now be described.

Chip select pin

The chip select pin CS has to be pulled low (active) at the appropriate time for the memory interface to be
enabled. This pin is usually connected to part of an address decode system.

Chip enable pin

The chip enable pin CE is pulled low (active) to enable the memory interface, after the address, write enable
Wand chip select CS signals have been set up.

Read not write

The read not write signal W defines whether a given cycle is reading from or writing to the IMS A100 memory.
This signal should not be changed whilst CE is low.

Memory address bus

This 7 bit wide port ADR[O-6] is used to address the IMSA100 memory. A memory map is given in the
IMS A1 00 specification showing locations of the two coefficient banks and control registers. The TCR register,
located at decimal address 68, will default to all zeros on power up or in response to a RESET signal. However
if it is disturbed, by for example a system memory test, it should be written back to all zeros. Failure to do
so may result in unpredictable results.

Memory data bus

The 16 bit wide memory data port DATA[O-15] handles both input and output data to and from the IMSA100
and is used to program the two banks of coefficient registers and the control registers. When writing to a
coefficient register, the memory interface is transparent while CE is low. Writing to the active coefficients
whilst the IMS A100 is running a computation cycle may cause an incorrect transient coefficient to be used.
Using the update registers followed by a bank swap avoids this problem.
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When the CE or CS are high the data pins are tri-state. The output stages associated with the data pins are
current limited and may be loaded by more than the 30pF specified for the timings given in the specification
provided the CE pulse length is increased. The table below gives an indication of the length CE pulse
required for a series of loads.

Capacitive load CE pulse
on data bus length

300 pF 50 ns
100 pF 80 ns
300 pF 170 ns

1000 pF 500 ns

Each Data pin represents a maximum load of about 7pF when tri-stated.

System control

The IMSA100 is controlled by 3 signals. RESET. ERROR and BUSY which will now be described.

Resetting the device

To reset the IMS A100 control logic pUll the RESET pin low for at least 200ns followed by two cycles of the
input clock. The reset function on the IMS A100 only resets the control registers to their default values. It
does not change the values of the coefficients. clear the data path or reset the error flags if errors are still
present. There is a power on reset signal ORed with· the RESET pin circuitry which requires an adequate
voltage on both the power supply and the internal clocks before it allows the internal reset signal to fall.
For this reason the CLOCK pin must be exercised at or following power up before the control registers are
programmed. A resistor (e.g. 33kO) from the RESET pin to VCC together with a capacitor (e.g. 10~F) to
GND is usually sufficient to provide an adequate signal. The pin may be connected directly to VCC provided
you are sure that your system power supply is monotonic on power up. as the power on reset circuit will only
operate once.

Error control

If the ERROR pin is asserted it indicates that there has been a numerical overflow in either the final adder
or field selector. Bits [1-2] in the Active Control Register ACR indicate which error type and the ERROR pin
is reset by writing a 10' to these registers. Before continuing. these error bits must be armed by writing a 11'
to bits[1-2] of the ACR. The ERROR pin is only able to sink current to GND and therefore requires a pull up
resistor to Vdd. Many devices can be wire ORed together to indicate an error in anyone of many IMS A100
devices within a given system. The presence of an error does not affect the operation of the IMS A100
(although the results may be nonsense) and it is possible to continue to use the device without resetting the
condition. Although the ACR register is reset on power up. the ERROR pin is usually set again by random
numbers within the device. In order to clear the ERROR pin it is necessary to flush the system before clearing
and re-arming the ACR registers. Flushing involves writing zeros to the data input and cascade input over 32
successive cycles.

Device busy

The BUSY pin indicates when the active and update coefficient registers are being or are about to be swapped.
When this pin is high the coefficient registers should not be accessed. There is no guaranteed minimum
duration of a BUSY signal since a bank swap request may be dealt with immediately. This pin operates only
in conjunction with individual bank swap requests made via ACR[O] and not when the continuous bank swap
mode is selected by SCR[2].
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There are many ways of initialising one or more IMSA100 devices but if in doubt the following procedure is
recommended. First, for a system with all devices used as slaves do the following operations.

1 Apply power and start CLOCK

2 Take the RESET pin high

3 Write all coefficients to '0'

4 Set the Cascadeln[O.. 11] of the first devices in any cascades to '0'

5 Set GO to '1' or provide plenty of GO pulses

6 Allow the system to run like this for long enough to clear out any stored junk numbers. This period
will depend on the length of your filter and the frequency of your GO pulses.

7 Apply a RESET signal or write 'Os' and then '1s'to the ACR[1-2] - any error signal should now
disappear.

8 Set up your own SCR, coefficient and data values.

For a system with a master and slaves do the following.

1 Apply power and start CLOCK

2 Take the RESET pin high

3 Set up your own SCR values

4 Write all coefficients to '0'

5 Set the Cascadeln[0 .. 11] of the first devices in any cascades to '0'

6 Write to the data input register DIR on the master IMS A100 to create plenty of GO pulses

7 Allow the system to run like this for long enough to clear out any stored junk numbers. This period
will depend on the length of your filter and the frequency of your GO pulses.

8 Write 'Os' and then '1s' to ACR[1-2] - any error signal should now disappear.

9 Set up your own coefficient and data values.

12.2.3 An extra selector setting using TCR

The test control register TCR is designed to help INMOS fully test the IMS A100. However, one of it's functions
may be of interest if the output word selection field of [7-30] gives insufficient resolution. This is most likely
to occur when smaller coefficient word lengths are in use. Writing a '1' to TCR[2] will overide the values
programmed in SCR[4-5] to give a field selection of [-1-23] where field bit [-1] will always be '0'. The other
TCR bits must always be set to '0' by the user.

12.3 Smaller IMSA100 systems

The techniques described in this section apply to systems employing perhaps four IMSA100 devices in a
single cascade together with a small support system including a single microprocessor. Two typical systems
are shown in figure 12.2.
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Figure 12.2 Two simple small systems
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12.3.1 Board Layout Constraints

During normal operation the IMSA100 dissipates a fairly low average power (O.SW at 20MHz approx). How­
ever, due to the high degree of parallelism within the device, it requires well decoupled, low inductance con­
nections to it's power pins. A mUlti-layer board with a VCC and GND plane is recommended with at least one
multi-layer ceramic decoupling capacitor of 1OOnF or more mounted as close as possible to each IMS A100.
The IMS A100 devices forming a cascade should be located next to each other with the Cascadelr(0 .. 11]
pins of the next device near the DataOut(0 .. 11] pins of the first. Any circuitry using the DataOut(0.. 11] pins
should be located as near to the IMS A100 as possible to avoid excessive loading. The track carrying CLOCK
should take a direct route from one IMSA100 to the next in order to avoid excessive skew.

12.3.2 Memory Interface

The last IMS A1 00 in a cascade chain should occupy the lowest address space and the first in the cascade
the highest. This is to maintain compatability with the addressing of the coefficient registers where coeff[O]
resides in the lowest location within the bank.

In many applications it will not be necessary to buffer the pins associated with the IMS A100 memory interface.
It is, however, necessary to confirm that this is, in fact, the case. The timings of the proposed memory interface
together with the bus loadings should be checked with the IMS A100 device specification and the additional
information given in Section 2 of this note. If the memory interface uses high speed buffers, some termination
may be required to limit transients outside the power supply rails. In such cases 1000 resistors in series with
the offending buffer(s) are recommended.
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12.3.3 Clocking

In general, the smaller the system, the easier the clocking will be. The IMSA100 CLOCK is not TTL compat­
able and will have to be generated by a device or devices capable of driving signals to within about 0.5volts
from each power rail. The constraint that the CLOCK signal at the IMS A100 should be monotonic in between
the high and low limits will almost certainly mean that termination will be required. The easist way of gener­
ating such a CLOCK for a small system is to use a TTL compatible CMOS device such as a 74ACT244 in
the FACT family of devices. A chain of IMS A100 devices connected by a 10 thou 1000 impedance track and
driven from one end will need a terminating resistor of about 390 at the other (figure 12.4). The exact values
of terminating component will depend on many factors and the values given here are for guidance only and
some experimentation may be needed. In systems using a slow CLOCK rate a slower CLOCK edge may
ease or even remove the termination constraints.

12.3.4 Data input

The input data can be provided either through the memory interface to the DIR register or through the
16 Dataln[0 .. 15] pins. The main constraint on the Dataln[0 .. 15] pins is that the data should meet the
set up and hold times given in the device specification for the relevant CLOCK edge. In the majority of
cases Dataln[O.. 15] will be common to all IMSA100 devices. Termination on the drivers of this bus may be
necessary under certain circumstances.

12.3.5 Data output and output ready

The output data can be obtained from the DOUDOH registers via the memory interface or from the 12
DataOut[0 .. 11] pins. When the DataOut[0 .. 11] pins are used the two 12 bit words will have to be separated
in some way. In systems where less than 12 bits of the answer are required (e.g. to drive an 8 bit D-A
converter) it may well be possible to discard one of the two words by choosing appropriate coefficient values
and/or selector settings. The OUTRDY signal can be used as a basis for a CLOCK for a D-A converter or
other circuitry but it will need buffering if the load on it becomes excessive. If the full 24 bits are required the
OUTRDY signal can be used to CLOCK edge sensitive latches [1].

12.3.6 Master generated GO

The master generated GO feature of the IMSA100 was designed principly for small systems where the input
data is supplied through the memory interface. On a master device, the GO pin has a dual function; first to
provide a GO signal for all the IMS A100 devices, and second to indicate to the system when it is appropriate
to write a new value to OIR and hence start another cycle. It is difficult to obtain a high throughput, compared
with using Dataln[O.. 15], if the output is being read from the DOUDOH registers, particularly in the 4 bit and
8 bit modes. Care is needed to avoid writing a new value into the DIR before the old value has been used,
(the correct time is indicated by the falling edge of GO) or reading the DOUDOH registers while they are
being updated (the correct time is indicated by the rising edge of OUTRDY). In a multiple IMSA100 system
using a master it is necessary to update the slave DIR registers before, or at the same time as, the master. It
does not matter which device is the master but there must only be one for a given cascade. It is possible to
update the DIR registers of all the IMS A100 devices by addressing all their DIR registers simultaneously by
pulling all the CS pins low during the write to the masters DIR. Alternatively, the input data can be provided
to all the slaves via the common Dataln[O .. 15] which, in order to be safe, will have to remain valid until the
rising edge of the CLOCK following the falling edge of the master generated GO signal. In this case the
SCR registers in the slaves must be programmed to accept input data from Dataln[O.. 15] and not the DIR
register. It is not possible for the master IMSA100 to take it's data from Dataln[O.. 15].

12.3.7 External GO

For high speed systems and for all systems where the input data is only provided via the Dataln[0 .. 15] port
a GO signal must be provided by the support system. In many systems where the maximum throughput is
required the GO signal may be taken high but it is important to keep track of when Dataln[0 .. 15] is sampled
to avoid changing the input data at this time. The GO signal may be pulsed every N CLOCK cycles at or less
than the maximum data rate but any attempt to pulse GO at a higher rate will result in a drop in speed due
to some of the pulses being ignored. It is important that the GO signal changes outside the set up and hold
times given in the device specification to avoid the risk of different IMS A100 devices in the cascade falling
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out of synchronisation. If IMS A100 devices in a cascade do get out of synchronisation with each other for
any reason, they will immediately resynchronise on a new correctly timed GO signal.

12.4 Large IMSA100 systems

This section deals with design techniques suitable for overcomming the problems raised when designing
systems employing many IMS A100 devices. There is a limit to the number of IMS A100 devices that can
easily be put in a single cascade without break and that limit will depend on many factors but especially board
size and speed. Many of the problems are the same as those already dealt with in the previous section but
more severe. Whilst with a small system it is fair to assume that every IMSA100 is on a single board, this
may well not be the case with large systems. However, with care it is possible to build very large systems of
IMSA100 devices with a phenomenal performance.

12.4.1 How many IMSA100 devices per board?

In theory it is possible to put as many IMSA100 devices in a continuous chain as necessary without limit
providing all the signals to and from the devices meet the specification. In practice boards have a finite size,
bus capacitances build up to unreasonable values, and so on. It therefore becomes necessary to partition the
problem. In practice it is possible to put 32 IMSA100 devices on a double extended Eurocard, using a 4 layer
printed circuit board together with enough additional logic to allow these boards themselves to be cascaded.
Such a board could be regarded as a 1024 stage subsystem. This same technique can be applied to smaller
numbers of IMSA100 devices on smaller boards, although address decoding will be easier if 32, 16,8 or
4 devices are grouped together. Whilst the data throughput of the cascade can be maintained, the speed
of the memory interface will be a funtion of the loading of the data lines. For many applications this will not
matter but in applications, such as fast adaptive filtering, the rate at which the coefficients can be updated
may be important. It is therefore necessary to identify which aspects of performance are important, as they
will have a significant effect on the way that the system is implemented.

12.4.2 cascading boards

This section describes one way of maintaining the maximum throughput of the IMS A100 devices in a multiple
board system by the use of pipelining. The general technique is to contain the timing problems to each board
separately and to make inter-board communication as easy as possible. Each board has a series of edge
triggered latches (e.g. 74374 devices) which latch all syncronous inputs and outputs including Dataln[O.. 15]
and GO. In principle, all inputs are latched by a PH1 clock which is inverted to provide a PH2 clock to latch
the outputs and to provide the clock for IMS A1OOs. The signal is transmitted between boards between the
rising edge of PH2 and the rising edge of PH1 with the latches acting as drivers (figure 12.3).
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Figure 12.3 Placement of IMS A100 into large system
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12.4.3 Board Design

The design of large boards in a cascade requires some care. This section considers the specific example of
a cascadable board with 32 IMSA100 devices and support circuitry designed to run with a 20MHz clock with
4, 8, 12 or 16 bit coeficient word lengths. Each of these boards represents a 1024 stage filter and all inputs
and outputs are latched or buffered.

Board description

To minimise the length of the connections between DataOut[0.. 11] and CascadeIn[0 .. 11] of adjacent devices,
it is best to arrange the IMS A100 devices in a pattern like a snakes and ladder board (figure 12.4). This
has the additional advantage that common signals like GO, CLOCK, and the various buses may be shared
between two rows of devices.

To maximise the density of devices within the board area, half of Dataln[0 .. 15] and half of the memory data
bus pass under each row of devices. The address bus and other signals pass between the first and second
rows and third and fourth rows whilst CLOCK and GO pass between the second and third rows and the fouth
and fifth rows respectively (figure 12.4).

The block of IMS A1 00 devices are mounted away from the board edge connectors. The Cascade input latches
drive the top of the IMS A1 00 block, whilst the output data is produced at the bottom where it is latched. The
input data is pipelined to drive the next board as well as providing data for the IMS A100 Dataln[0.. 15]. The
GO signal is pipelined in a similar way to provide a delayed GO signal in step with the delayed input and
output data. The system clock is used to provide PH1 and PH2 signals from two CMOS inverting buffer
devices located centrally on the connector side of the board. The clock is distributed to keep the timing skew
on the clock to adjacent devices to a minimum. The clock tracks driving the IMS A100 devices are terminated
by 390 for the top track and 270 for the rest which are driving two rows of devices. The termination consist
of a resistor in series with a 100nf capacitor to remove any DC path to GND. The tracks carrying the clock
between IMS A100 devices were 10 thou wide, but the tracks from the clock driver to the beginning of the
block of IMSA100 devices were of a width needed to match the terminating impedance. The GO signal is
treated in a similar manner to the CLOCK, with the option of connecting termination components at the end of
each track. The only signals which are not driving every device are the DataOut[O.. 11] to Cascadeln[O .. 11]
links, and the CS connections. Each one of these is connected separately to the address decoder.
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Figure 12.4 Clock distribution for large system

The memory interface buses, the ERROR and RESET functions are not latched but buffered in some way.
The ADR[O-6], CE and W signals are all buffered from the memory interface. The data bus passes through
a bi-dirctional buffer (74F245 in this case) with it's direction defined by the RnotW signal and with it's tri-state
control connected to the board address decoder. Since there are 32 IMS A100 devices together with about
2 feet of pcb track attached to each memory data pin, the CE signal needs to have about 150ns duration.

The RESET pins of the IMSA100 devices are connected together and connected to some open collector
logic plus a resistor to VCC and a capacitor to GND. This arrangement allows a RESET signal to be applied
from the system but allows the board to reset itself if no such signal is applied. An LED indicates when the
RESET signal is high.

The ERROR pins are also connected together with a 1KO resistor pulling up to VCC. This signal is buffered
with an open collector gate to allow the boards to be wire ORed if desired. A second LED indicates if an
error has occured in any IMS A100 on the board.
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Memory Mapping

The exact memory map required will vary from system to system but there are one or two pitfalls which should
be avoided. The coefficient registers in the IMS A100 are addressed in such a way that the last coefficient is
located at address[O] and the first in location [31]. In order to be consistant with this, the LAST IMS A100 on
the LAST board should occupy the LOWEST memory location. Failure to implement this will make the block
moving of stored coefficient values to the IMS A100 devices less straightforward than it could have been. If
the coefficient registers are to be in a continuous memory space, it is necessary to organize the memory map
as follows:

System Address bits: o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

XMS Al00 address bits: 0 1 2 3 4

Chip Se1ect addresses:

Board Select addresses:

o 123 4

012 3

5 6

This map assumes a 16 bit system address bus and 32 IMSA100 devices on each board. Remember that
the board address space should be large enough to cover both the number of IMS A100 boards required plus
any other areas of circuitry requiring address space (e.g. memory etc).

12.5 Higher Data Rates using multiple IMS A100 devices

For some applications, data rates in excess of 10 M samples/sec must be used for real time processing.
Since the fundamental maximum data rate of the IMS A100 is 10 M samples/sec, this may appear to be a
limiting factor. The following section describes a general method for interleaving multiple IMSA100 devi£es
to achieve effective data rates of 20 M samples/sec and above, with little or no loss of functionality.

12.5.1 Principle of operation

Figure 12.5 shows four IMS A100 devices connected so as to provide the equivalent functionality of a 64
stage, 20 M sample/sec IMS A100. The data rate to each device is reduced by introducing a data demulti­
plexer, which splits the data stream into two parallel streams. This enables a reduction of input data rate to
10Msamples/sec, the maximum possible for a standard IMS A100.

The segmentation of the problem is achieved because of the transversal filter architecture of the IMS A100.
For any transversal filter structure, the summation performed at any given time is as follows.

(1 )

where Z-2,Z-1, Zo, ... represent successive data samples in time, and CO,C1 ,C2, ... represent the coefficients.
Equation 1 can be rewritten as follows, with the two halves of the equation performed by two separate devices.
This equation may be further generalised into N segments, executed on N 2 devices.

(2)

Figures 12.5 and 12.6 illustrate systems exploiting equation 2 to perform 20 M sample / sec filtering. The
principle is that the upper pair of devices perform the evaluation for one time period, and the lower devices
perform the evaluation for the next, which gives an interleaved computation. In these figures the abbreviations
UL refers to the upper left IMS A100, LL the lower left, UR the upper right and LR the lower right. The following
points should be noted when observing these figures.

• The positions of the coefficients are in reverse order, and are offset between the upper and lower
devices.

• One delay stage is required at the input to the LL device.

• Both evaluations are being performed at exactly the same time, so that the major cycles of all devices
commence on the same clock edge. This is set to coincide with the time that a data sample arrives
at the UL and LL devices.
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Figure 12.5 20 MHz system using external adders

12.5.2 Mechanics of Operation

To see exactly how the circuit works, consider the following sequence arriving at the data input to the demul­
tiplexer.

zo, Z1, Z2, Z3 •..

Assume that zo is sent down bus 0, Z1 is sent down bus 1, Z2 down bus 0, and so on. Consider the major
cycle that commences for all devices when Z3 arrives at the UL device. At that time, Z2 will be at UR, Z1 at
LL, and Z2 at LR. For this cycle, the final output from UL and UR will be as follows.

whilst LL and LR will produce the following.

Thus, the output of the lower pair must be taken first through the output multiplexer, followed by the upper
pair. The single delay at the input to LL is necessary for the organisation of coefficients. Because Coz",
must be the last calculation, data must be presented to the device with coefficient 00 after the device with
coefficient 01.
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Figure 12.6 20 MHz system using cascade adders

12.5.3 Using the cascade adders

For most applications, it is more convenient to use the cascade adders rather than external devices (fig­
ure 12.6). This is because the multiplexed output of the IMS A100 causes complication. A reduction in the
number of devices used, and a simplification of the design can be achieved, by using the cascade inputs of
the IMS A100.

The cascade adders are used by first inserting a 32 sample delay into the path of the data for the UR and
LR devices, and second, by connecting the data output of UL and LL to the cascade inputs of UR and LR
respectively. This avoids the use of two accumulator devices, and simplifies circuit board layout considerably.
Of the two designs this is the more elegant, and is recommended for use in practice.

12.5.4 Extensions to this technique

Once the above technique functions correctly, many extensions are possible. Some of these extensions make
the design even simpler.

• Higher speed. By using a 3x3 or 4x4 configuration, data rates of up to 30 M samples/sec and
40 M Samples/sec respectively can be achieved. The only limitation is the speed of the demulti­
plexing and multiplexing logic. The minimum number of stages using this method also increases
proportionally. Thus for 2x2 devices, a minimum of a 64 stage system is produced, which can only
be incremented in 64 stage modules. Likewise for 3x3, the minimum number is 96 stages, and for
4x4 the minimum is 128.

• Cascading. Since two cascaded IMSA100 devices appear functionally equivalent to one 64-stage
IMSA100, each of the four devices shown can be replaced with N IMSA100 devices to form longer
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filters. The 32 stage delay would, for example, become 64 stages with two cascaded devices per
location.

• Complex Processing. The configuration described permits complex processing, using bank swap
as described in [5]. However, the two multiplexed data streams presented in the illustrated config­
urations will be the real and imaginary data streams, and the results likewise. Thus, by providing
the complex input data correctly skewed in time, the multiplexers are eliminated. This results in a
considerable simplification of the design.

• Removing UL delay. The single stage delay can be removed if less than 64 stages are required.
This is done by having a zero coefficient in the coefficient closest to the back end (Ieftmost on the
illustration) of the LL device.

• Removing 32 stage delay. The 32 stage delay can be eliminated, by zero filling the leftmost
coefficients of UR and LR devices. This, although simplifying the circuit, may be costly, as the
IMS A100 stages are being used as delay elements. The merits of this depend on the relative cost
of an IMS A100 as compared with the cost of a 32 stage delay element.

12.6 Checking and debugging

This section gives some hints on how to check and debug the IMS A100 part of a system. The IMS A100 has
a number of features which make it easy to test within the context of a new or unproven circuit or P.C.B. The
general philosphy is to get the memory interface working and then to use the DIR and DOUDOH registers
to help find any problems. An oscilloscope is also needed to check signals like the CLOCK, GO and for
checking the operation of the various busses.

12.6.1 The Memory Interface

The best way to check the function of the memory interface is to write and read values to either or both banks
of coefficient registers. The correct operation of these is independant of the CLOCK, RESET settings or
the contents of the SCR, ACR or TCR. The values that are written at this time are not important but writing
10101 ... and 01010... patterns will help locate any short or open circuits on the board. If little activity is
observed from the IMSA1 00 then use the oscilloscope to check CS, CE, W, ADR[O-6] and DATA[O-15] lines,
and ensure the presence and correct timing of these signals. The best way to do this is to write a program
on the host processor that loops continuously doing writes and reads to one IMS A100. These tests may not
identify crossed data or address lines.

It is worth correcting any problems in this area before proceeding to the next series of tests.

12.6.2 Clock, GO and output ready

Before checking these basic functions it is worth reseting the IMS A100 devices either by using the RESET
pin or by powering down the system. This is to ensure that earlier attempts to debug the memory interface
have not accidentally written values to the SCR, TCR and ACR registers. The clock should be checked using
an oscilloscope. Problems with impedance mismatching may cause excessive voltage overshoot and/or
undershoot, or cause the clock to not meet the specification in some other way through excessive ringing.
Lack of drive in the clock driver will cause poor '0' and/or '1' levels. If the clock does not quite meet the
specification but is present and is a reasonable shape, it is probably worth leaving the problem until the rest
of the system has been debugged.

With the clock running either pull GO high or provide a series of GO pulses. If an IMS A100 is to be used as
a master simply pull GO high with a resistor for this test since all the devices are still set as slaves. Under
these conditions the OUTRDY pin should be providing pulses.

12.6.3 Setting up SeR values

Before proceeding, the SCR registers should be set to #002 in slave IMS A100 devices or #003 in any master.
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12.6.4 Checking the data path

The next step is to check the data path from the input of the first IMS A100 to the output of the last one. It is
worth writing a program to display the contents of the DOUDOH registers on a monitor or TV screen.

All coefficients should be set to '0' together with Cascadeln[0 .. 11] of the first device. A GO signal is now
needed which is provided by the support logic or by writing to the DIR of an IMS A100. The method depends
on the system under test, which will either be a mastergenerated GO or externally generated GO. The value
written to a master IMS A100 should not effect either its output or the contents of its DIA/DOL regisers, since
all the coefficients are set to '0'. If there is the option of placing a value on Cascadeln[0 .. 11] of the IMS A100,
that value should appear in the DOUDOH register. For a single IMSA100 the value will be delayed by 32
cycles of GO, and for many devices the delay will be a multiple of 32 cycles.

The following tests are valid for all coefficient word lengths, although only the least significant 4 bits will be
used. The source of the GO signal is unimportant and the devices can be set for fast or normal output mode.
However, SCR[4-5J should be set to '0' to select the [7-30J field, and the answers will then be the same as
those given below. The values of coefficients and data and expected are given as hexadecimal numbers.

Set Cascadeln[0 .. 11] on first device to #000000
Set DIR on all devices to #1002
Set all active coefficients to #0004

If a master IMS A100 is used, continuously write #1002 to it's DIR register. Otherwise, apply a continuous or
frequent GO signal, while writing data to the Dataln[0 .. 15] port of all the IMSA100 devices. For the first 32
cycles of every device the result in the DOUDOH register should increase linearly, in steps of #4008. The
result will be split between the DOL and DOH register so that for the whole result #4008 DOH =#0004 and
DOL = #0008.

1st cycle in the cascade
2nd cycle in the cascade
3rd cycle in the cascade
4th cycle in the cascade
5th cycle in the cascade
7th cycle in the cascade
7th cycle in the cascade

DO~#OOOO DOL=#4008
DO~#OOOO DOL=#8010
DO~#OOOO DOL=#B018
DO~#0001 DOL=#0020
DO~#0001 DOL=#4028
DO~#0010 DOL=#8030
DO~#0010 DOL=#B038

This test can be repeated using the Dataln[0 .. 15] port instead of the DIR registers by setting the SCR values
in all slave IMSA100 devices to #000. If the GO signal is generated from a master IMSA100 it will still be
necessary to write #1002 to the DIR register repeatedly. The input value #1002 can be changed to other
values to check other bits in the data path. Once the cascade path has been filled, the answers should be
stable, and any variation indicates a problem somewhere.

Now that the devices have been exercised, it should be possible to remove any error indication from the
ERROR pin by writing 'Os' to ACR[1-2J followed by writing '1s' to arm the register.

The above tests only check the memory interface and the data path through the IMS A100 devices. However,
with these working, the debugging of the rest of system is made easier. Once all this works most of the
system will be fully functional.
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12.6.5 Fault finding guide

It is assumed throughout that power has been applied to all the VCC and GND pins correctly. If it has not,
expect very unpredictable behaviour and/or possible damage to the devices.

When a problem is encountered it is often worth varying the power supply voltage or changing the clock
frequency. This will often indicate the nature of the problem by showing if it is due to timing or perhaps noise.
The following checks may also help to diagnose the problem.

• If there is response from the memory interface check the following:

• CS is low (when it matters)

• CE is pulsing

• The addresses are valid

• W is working

• Any memory bidirectional data buffers are working in the right direction.

• If there is no GO signal from a masterlMSA100 check the following. The clock has to be present
and the RESET pin high before the SCA, ACA or TCA registers can be written to.

• There is only ONE master.

• There are no shorts on the GO track.

• SCR[Ol is set to '1'.

• TCR is set to all 'Os'.

• The clock is present.

• RESET is high.

• If there is no OUTRDY signal check the following.

• GO signals are present on some rising clock edges.

• TCR is set to all 'Os'.

• There are no shorts on the OUTRDY track.

• RESET is high.

• The answers are wrong, which could be almost anything. However, the following checklist should
diagnose the problem.

• The SCR registers are set to the correct value.

• The ACR registers are set to the correct value.

• The TCR registers are set to all zeros.

• All IMSA100 devices are in the same output mode. (SCR[10/)

• There is only one master. (SCR[OlJ

• The output word selection is sensible. (SCR[4-5lJ

• The data input source is correct. (SCR[1lJ

• The coefficients word lengths are right. (SCR[B-9/)
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• The coefficients are stored in the right bank.

• DOL and DOH are read in the right order.

• The memory data and address lines are in the right order.

• OUTRDY is not inverted wrongly in any external logic.

• 4, 8 and 12 bit coefficients are written into the least significant bits of the 16 bit wide
coefficient registers.

• Input data is valid when sampled.

• The order of the coefficients has not been mangled by the memory map.

12.7 Conclusions

This application note deals with the hardware aspects associated with the IMS A100. Other application notes
produced by INMOS relating to the design of systems employing the IMSA100 are given in the bibliography.

This document describes how system hardware with few to very many IMSA100 devices can be designed
and debugged. The information from 3 separate designs of board, designed by INMOS engineers, has been
accumulated in this document. These boards include the IMS B009 (a plug in card for the IBM PC having 4
IMSA100 devices), a high performance FFT/convolution module board with 4 IMSA100 devices and a large
system board with 32 IMS A100 devices.
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13.1 Introduction

13.1.1 The alms of this document

The IMSA100 performance makes the real time processing of digital images a practical possibility. This doc­
ument is a practical guide, which explains how the device is used to process digital images. The processing
done by the IMS A100 will be some form of feature extraction, such as line, corner or edge detection. Feature
extraction is often the first stage in the analysis of an image. Further analysis of an image, for example,
deciding that a group of features in an image is a vehicle number plate, is a higher level function, beyond the
scope of this document. This application note describes the following.

• The operations of filtering and edge detection of a picture or image using a technique of 2-dimensional
convolution are explained. Some simple filter types including edge detection and contrast enhance­
ment are described.

• The use of the IMS A100, to perform the 2 dimensional convolution, in order to process an image is
described. This shows the simplicity of use of the IMS A1 00 in this particular application.

• The estimation of performance and cost, for processing an image using the IMS A100 is described.
Several possible systems consisting of IMS A100 devices are given, to illustrate how easily the cost
and performance may be controlled, by using different numbers of devices, and by altering the
complexity of the system.

• The processing of images at real time speeds (20 frames per second) is described, and a hardware
implementation of this is given. This shows the high performance possible using the device.

13.1.2 Document structure

The remainder of section 13.1 gives an introduction to signal processing, and shows the position of the
IMS A100 within the field of signal processing, and more specifically its capabilities for the processing of
digital images.

Section 13.2 gives gives a practical explanation of some of the concepts of image processing. Included is
an explanation of how filtering and edge detection of a picture operates, and how this may be applied to the
IMSA100.

section 13.3 gives two possible systems which may be constructed using the IMSA100, from a medium
performance system to a very high performance system which will operate at real time speeds. Included in
this section is a description of how the performance of a prospective system may be estimated by trading off
performance, complexity and cost.

Section 13.4 concludes and summarises the findings of this application note.

Section 13.6 gives an implementation of 2-D image processing using the IMS B009, running on an IBM PC.
This is included as a practical illustration of the techniques described in section 13.2 and 13.3.

13.1.3 An overview of signal processing

Signal processing is an area of engineering which fills many people with dread. This is not entirely surprising
when one considers both the theoretical and practical aspects of the subject. On the one side there are the
mathematical algorithms required to solve even the simplest problem. This has long been regarded as the
territory of academics and not to be tackled by the average engineer. On the other side there is the circuitry
required to implement these algorithms. Historically, systems have often required many complex circuits, with
system design requiring a knowledge of analogue design, and also, in the more recent past, digital design.

Not surprisingly, there are very few scientists in the world with the knowledge or experience required to deal
with all the aspects of signal processing design. Signal processing design now covers both analogue and
digital design from the low end audio spectrum (40 KHz) through the video spectrum (100 MHz) to the top end
of the radio spectrum (100 GHz). When signal processing in all these areas began the techniques used were
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purely analogue. The power of digital signal processing now approaches the top end of the video spectrum.
Although it is not yet possible to process pictures the size of a TV screen in real time, it will undoubtedly
become possible within the next decade. One of the main applications of the IMSA100, as described in this
document, is the processing of pictures in real time.

In the radio frequency (RF) spectrum, specialised devices are used as the first stage processing elements.
These devices use components such as wave-guides, to give the necessary processing bandwidth (GHz).
The fastest devices use materials such as Gallium Arsenide, often super-cooled to improve its performance.
However, these devices are expensive and their use is avoided if possible. The information extracted by these
devices from a signal may be used by todays digital devices operating at speeds approaching 100 MHz. In the
future, todays digital devices may improve to a level where they encroach on the radio spectrum. However, it is
likely that RF devices will always be required as the front-end processing elements at these high frequencies.
The reason for this may remain that it is impossible to either sample or synthesise an analogue signal at
speeds in excess of 100 MHz, without resort to cost prohibitive technology.

13.1.4 Analogue and digital conversion

Signal processing techniques in both the Audio and Radio spectrum are advancing both theoretically with
the development of new algorithms, and practically with the increase in the level of integration of integrated
circuits. Wherever possible, the new levels of integration in conjunction with efficient digital algorithms are
used, so that problems which were previously solved using analogue design are now solved using digital
design.

Of course, it is nearly always necessary to communicate with the real world using analogue signals, so
analogue to digital (A-D) and digital to analogue (D-A) converters are a necessity. This is why so much work
is done to increase the speed and accuracy of the conversion which must ultimately limit the speed of the
complete system.

The current range of A-D and D-A converters on the market can sample at up to 100 MHz. As might be
expected, the limiting speed depends very much on the required accuracy, with slower conversion required
to get improved accuracy. Of course, there is little point being able to do digital processing faster than the
analogue conversion devices, so that in practice, the performance of conversion devices and digital processing
devices proceed together.

So there are fundamentally two problems which hinder DSP development, one is analogue/digital conversion
and the other is the digital signal processing itself.

13.1.5 Techniques for digital signal processing (DSP)

Digital signal processing has advanced rapidly since the major semiconductor manufacturers started to tackle
the problem. Since then they have attempted to cram more and more raw processing power onto a single
chip. At the same time they have realised that the signal processing devices need to be integrated into an
entire system. So, they have devised families of devices which, however, require some considerable expertise
to use. This evolution of devices has split into two directions.

The first approach is the more complex and achieves the best performance. It often involves hardware design
which is not trivial, and the systems generated will generally only perform one task. Any slight change to the
task (algorithm) may require a complete system redesign, which is both lengthy and expensive. However,
the performance of these so called bit-slice machines has been and still is very high and has a permanent
place in the field. Bit-slice machines use dedicated multipliers, accumulators and address sequencers often
with several address and data bus paths to achieve high speed.

The second approach is simpler, and more versatile. However, the performance is considerably lower than the
bit-slice engines previously described. Design involves using a general purpose processor (CPU) which has
dedicated instructions to perform reasonably fast multiply, divide, add and subtract operations. The CPU does
this by having dedicate parallel multipliers and barrel shifters integrated on the chip. The performance limit is
not so much the on-Chip operation as the time required to get the data off and on chip (memory bandwidth).
Possibly the best known example of a signal processing CPU is the TMS320101 and its derivatives the
TMS32020 and TMS32030.

1TMS is a trademark of Texas Instruments
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The previous two approaches provide solutions to a large number of signal processing problems. However,
one must accept either the performance limitations of the general purpose processor or the complexities of
bit-slice design. In both cases the problem is bandwidth into the basic processing element. The fundamental
limit is the rate at which memory can be accessed rather than the performance of the processing element
itself. If the processing performed by the basic processing element can be increased and the required
memory bandwidth can be reduced, an improved performance will be immediate. The IMSA100 uses a
novel architecture to achieve these aims.

The IMSA100 is a processing element with considerable processing power, yet having an interface with
moderate bandwidth requirement. This is achieved by having data storage on chip, processing the data
in parallel, and storing the intermediate results of calculations. The IMS A100 has also been designed to
accommodate many of the commonest DSP algorithms; including the discrete Fourier transform [2], correlation
and convolution [3], and digital filtering [1].

13.1.6 Overview of image processing with the IMS A100

The IMS A100 is a digital processing device at the forefront of digital signal processing performance. It is
capable of processing video bandwidth signals, as well as many other types of high bandwidth signals. The
maximum input sampling rate of the IMS A100 is 10 MHz, which means that it could, for example, process a
[512 x 512] image at a rate of 40 frames per second. The device operates on digital data with a width of 16
bits, and will perform 80 million multiply accumulate operations per second (80 MOPS) a performance well
in excess of most bit-slice machines.

The IMS A1 00 will perform calculations on signed 16 bit integers without any loss of accuracy or overflow,
perform rounding correctly, and will also perform complex number processing [4] without any additional
hardware. This makes it an extremely simple device to use in a wide variety of applications, as it deals with
so many of the problems which have historically plagued signal processing design. Immense care has been
taken to ensure that the device is simple to use, for example, the microprocessor interface, which can be
interfaced very simply with almost any industry standard processor.

Probably the most important aspect of the IMSA100 is that several can be used in parallel, with almost no
'glue' logic. In principle, there is no limit to the number and a system with 30 devices on a single board has
been shown to work well. The processing of large images at high speed requires vast processing performance,
making the IMSA100 capability of being able to use many devices in parallel absolutely invaluable.

13.2 Practical methods of 2 dimensional convolution

13.2.1 2-dimenslonal convolution

The process of 2-dimensional convolution of an image is the action of comparing a reference template with
a group of pixels, at every pixel point on an image. For example, if a ~3 x 3] template were compared at
every point on an image of size [5 x 5], there would be 9 valid comparison points as shown in figure 13.1.
The first of these valid comparisons surrounds pixel 1, the second pixel 2, and so on. The comparison is
done in practice by a number of multiply and add operations. Consider the example with the first row being
compared with the template. The result of the [3 x 3] convolution for the first 3 positions will be

Q.? + b.? + c.? + d.? + e.1 + 1.2 + g.? + h.4 + i.5

2 Q.? + b.? + c.? + d.1 + e.2 + 1.3 + g.4 + h.5 + i.6

3 Q.? + b.? + c.? + d.2 + e.3 + I.? + g.5 + h.6 + i.?

which is a total of 9 multiply-accumulate operations for every pixel in the image. The magnitude of the image
data and the magnitude and sign of the template elements determine the type of features which will be
extracted from the image. Some simple templates are described later in this section.

In a real image, the magnitude of the pixels which is a measure of their blackness, is referred to as grey
scale, having typically 8 bit accuracy. The alternative, which uses a single bit for each pixel, was used in
the past, before digital grey scale processing was possible. Future picture processing will undoubtedly be
capable of processing colour images. This is a complex field, little understood at the present time, outside
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the scope of this application note.

With grey scale images it is important that the result of any image transformation yields grey scale values
within the limits of the original image. This being so, the sign and magnitude of the elements of the template
must be chosen with care. It may be necessary to scale and/or invert the results of an image transformation,
so that the resultant image can be observed in a normal grey scale.

? ? ? ? ?

? 1 2 3 ?

? 4 5 6 ?

? 7 8 9 ?

? ? ? ? ?

a b c

d e f

9 h i

Figure 13.1 [3 x 3] convolution on a [5 x 5] image

It is usual for the template to be square, although it may be rectangular, and of any size. It is also normal
when scanning a real image to traverse the picture as shown in the diagram, Le. traversing a row, moving
down, traversing again and so on until the entire image is scanned.

One point of interest concerns the outermost pixels, which represent invalid data. For a [3 x 3] template
a perimeter of one pixel width is invalid, for a [5 x 5] template the outermost 2 pixels are invalid and this
redundancy increases as template sizes increase. This does not matter much for large image sizes, but must
be borne in mind if large templates, with small images are being used. For the remainder of this section edge
effects will, for convenience, be ignored.

13.2.2 Convolution template types

Low pass filter

The effect shown in figure 13.2, is of a low pass filter. The numbers have been chosen to show the smoothing
effect of the filter. Notice that this is indeed a low pass filter, and that the pixel values are changing at a
frequency which is approximately the cut-off frequency of the filter. The filter has effectively changed a black
and white image into a blurred grey image.

9 0 9 0 9

0 9 0 9 0

9 0 9 0 9

0 9 0 9 0

9 0 9 0 9

x
1 1 1

1 1 1

1 1 1

5 4 5 4 5

4 5 4 5 4

5 4 5 4 5

4 5 4 5 4

5 4 5 4 4

Figure 13.2 Illustration of low pass filter
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If this convolution is regarded as part of a picture with a pixel rate of 5MHz the cut-off frequency, above which
all frequencies are removed, would be 2.5MHz. (The figure of 5MHz has been chosen as it is the rate at
which an IMS A100 can process the data.) The cut-off frequency can be reduced by making the reference
template (convolution kernel) larger. For example a [9 x 9] convolution kernel would have a cut-off frequency
of 870KHz.

For the low pass filter kernel no sign modification or scaling of the final image is necessary. Only when the
result is outside grey scale limits will any modification be required.

Edge detection

Edge detection is illustrated below with a Sobel operator. This operator combines a vertical and a horizontal
edge detector into a single Sobel operator as shown in figure 13.3.

1 1 1

0 0 0

-1 -1 -1

+
-1 0 1

-1 0 1

-1 0 1

0 1 2

-1 0 1

-2 -1 0

Figure 13.3 Sobel operator formation

It may be observed that the effect of applying a horizontal edge detection to an image, followed by applying
a vertical edge detection to an image, and summing the results, will be exactly the same as directly applying
the sobel operator to the image. This same principle of adding operators together, may be applied to many
different operators with some interesting results. It is not within the scope of this application note to investigate
this subject further.

The following operations, shown in figure 13.4, on part of an image illustrate the effect of the Sobel operator.
It is possible to obtain similar results, by doing a vertical and a horizontal edge detection, squaring and adding
the results, and taking the square root to give a result for each final pixel. This is the ideal edge detector,
but the cost of squaring twice and a square root is often cost prohibitive, with the Sobel operator a very
satisfactory alternative.

Figure 13.4 shows the result of 2 convolution kernels operating on the different images. This illustrates the
requirement for scaling and sign inversion. Before the resultant images can be displayed all negative numbers
must be sign inverted and a scaling factor of 4 must also be applied. It is interesting to note that the reason
for the sign change is the direction of travel of the convolution kernel across an edge transition. Also, as will
be shown later, the steepness of the edge transition is important.



13 Image processing with the IMS A100 223

0 0 0 0 0

0 0 0 0 0

1 1 1 0 0

1 1 1 0 0

1 1 1 0 0

0 0 1 1 1

0 0 1 1 1

0 0 1 1 1

0 0 0 0 0

0 0 0 0 0

x

x

0 1 2

-1 0 1

-2 -1 0

0 1 2

-1 0 1

-2 -1 0

0 0 0 0 0

-3 -3 -3 -2 0

-3 -3 -4 -3 0

0 0 -3 -3 0

0 0 -3 -3 0

0 3 3 0 0

0 3 3 0 0

0 3 4 3 3

0 2 3 3 3

0 0 0 0 0

Figure 13.4 Illustration of edge detection

Laplaclan filtering (edge detection)

Laplacian filtering uses a homogeneous operator, which means that it is the same in all directions. With the
use of a Laplacian edge detection operator edges in all directions can be detected. This is different from the
previous non-homogeneous edge detection (Sobel) operator, where edges in all directions except one can
be detected.

0 0 1 1 1

0 0 1 1 1

0 0 1 1 1

0 0 0 0 0

0 0 0 0 0

x
-1 -1 -1

-1 8 -1

-1 -1 -1

0 -3 3 0 0

0 -3 3 0 0

0 -2 5 3 3

0 -1 -2 -3 -3

0 0 0 0 0

Figure 13.5 Illustration of Laplacian Filter

The effect of the [3 x 3] Laplacian operator is shown in figure 13.5. As the operator passes over an edge, the
magnitude of the result increases and there is a sign change. Also, the original pixels will remain, in areas
where there is no edge to be detected. In order to detect the edges, after the 2-D convolution has been done,
a 3 stage process is necessary. First the result is scaled down by a factor of 9. Second, a full rectification
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is done, converting all negative to positive numbers. Third, the background information is thrown away, by
introducing a suitable threshold below which the result is considered to be zero.

13.2.3 Effect of template size

The previous sections have shown the effect of several [3 x 3] convolution kernels. This kernel size is
very effective in many applications, while requiring moderate processing for its calculation. One of the main
reasons for not using larger templates is that the processing requirement becomes excessive, mainly due to
the large number of multiply operations. The advantages of large kernels are twofold, firstly the larger kernels
have a filtering effect which reduces the effect of noise, and secondly the larger kernels are able to detect
gradual changes in brightness across a group of pixels.

It must be remembered that single bit pixels are not used, and the pixels are represented in grey scale with
range from 0 to 255. This means that in a real image, edges will span several pixels, and to detect these
edges will require a larger convolution kernel.

If, for example, a [3 x 3] kernel is used to detect an edge which changes from black to white linearly over 5
pixels, then the maximum and minimum resultant pixel is 1.6 and -0.6 respectively, as shown in figure 13.6.
Each pixel is represented by a single step. This result must be compared with the result in figure 13.5, where
an instantaneous change between 2 pixels gives an output of -3.0 and 3.0. The results of -0.6 and 1.6 are
barely enough to detect an edge.

...-- 1.0
Input ~

O.O_--,,~

0.0__--,

-0.6

1.6

'---__1.0

Figure 13.6 Effect of gradual edges on convolution output

13.3 Hardware requirements for 2-D convolution

Two possible hardware implementations of 2-D convolution using the IMS A1 00 are described in this section.
Because these two implementaions use exactly the same principle of operation, the IMSA100 device, which
is common to both, will first be described. The fundamental difference between the two designs is as follows.
In the lower performance system all image data is transferred to the IMS A100 across a comparatively slow
memory interface. In the high performance system all image data uses the dedicated input and output ports
of the IMS A100. These dedicated ports permit, with the addition of some dedicated hardware, a processing
rate of 5 million pixels per second.

Implementation of 2-dimensional convolution on the IMS A100 involves loading the elements of the convolution
kernel into the coefficient registers, and passing the entire image through the device while storing the resultant
image. To obtain maximum throughput this should be a continuous operation, and will consist of a sequence
of alternate readlwrite operations starting at the first pixel of the first row of the image and finishing with the
last pixel of the last row of the image. The two fundamental problems are to arrange that first, the convolution
kernel elements are loaded into the appropriate coefficient registers, and second that the pixel data is ordered
correctly both before and after processing. The required initialisations of the IMS A1 00 are also described.
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13.3.1 The IMS A100 model

The IMS A100 model is shown in figure 13.7. The many component parts of the IMS A100 are included to add
flexibility, so that many signal processing algorithms can be implemented. This means that the device can
be used in many signal processing applications. The fundamental operation of the device is a high speed
multiplier-accumulator, which functions as a pipeline of 32 multiplier-accumulator devices. The peripheral
circuitry simplifies the use of the device.

2

36Multplier
Accumulator
Array

Update coefficient registers

Mem 16
I/F :..-...-----------------...

Active coefficient registers

.......f----- 32 stages ---...:j.~

32 cycle delay (24 bits)
24

Figure 13.7 User's model of the IMSA100.

The essential elements of the device, in so far as they are important to th is discussion of 2-D convolution,
will now be described.

• The multiplier accumulator array is the powerhouse of the device. This is a 32 stage pipeline
of multipliers, which multiply 32 elements of input data with the contents of the current coefficient
registers in between 2 and 8 cycles. The cycle time is between 100ns and 400ns, and is a function
of the coefficient width. There is no loss of accuracy in this section because all calculations are at
36 bit accuracy.

• The data input is either from the dedicated data input port or via the data input register (DIR). The
DIR can be accessed from the memory interface port, which may be connected to a microprocessor.
The fastest data access is by the direct input port, with input using the DIR register being usually 2
to 4 times slower.

• The data output is taken from the high speed multiplexed data output port or from the data output
registers (DOL and DOH), which contain the 24 bits of output data. These registers, like the DIR
register, will normally be accessed much slower than the direct data output port.

• The coefficient registers are used to store the convolution coefficients, for which only the current
coefficient registers are required. Because there is no need to bank-swap coefficient and update
registers, neither the update coefficients nor the bank swap capability are ever used in this applica­
tion.

• The cascade input is used for simple connection of devices. The cascade input port is multiplexed
in exactly the same way as the data output port, so that direct connection between the two and use
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of the GO signal for synchronisation are all that is required to cascade devices. For 2 dimensional
convolution requirements, only one IMS A100 is required for doing a convolution with a kernel
containing less than 33 elements, although more devices can be used for improved performance as
will be shown later. Whenever more than one device is used the cascade input port is required.

• The 32 cycle delay element delays the cascade input data by exactly the same time as the multiplier
accumulator array. It can be used in conjunction with the data input port to add together 2 streams
of pipelined data. This is very useful, particularly for convolution requiring data partitioning. Real
time 2-dimensional convolution of images using the IMS A100 requires the use of this delay element.

• The control registers are used to initialise the device, and for some of the working operations of
the device. These are referred to as the Static control register (SCR) and the Active control register
(ACR) respectively. The ACR can be altered during the operation of the device whereas the SCR
cannot. The use of these registers as regards 2-dimensional convolution will be described later.

• The output signals are described adequately in the IMSA100 data sheet [6] and will not be de­
scribed further here, except for the GO signal which is relevent to the discussion. The GO pins, of all
the IMS A100 devices which are cascaded together, will be joined. GO is used for synchronisation
of a cascade of devices, and is not needed in a system with only a single IMSA100, unless the
cascade input of that device is used. GO is set up from the SeR to be either a master or slave, and
there is never more than one master.

• GO is a special signal used to synchronise the cascade and data input ports. If the data input port
Din or the cascade input port Cin is driven by external hardware, then all the IMS A100 devices
will be set to slave mode and external hardware will be used to drive the GO pin. If neither the
cascade input port or data input port are driven by external hardware, (when all data will use the
memory interface) then one of the IMS A100 devices in the cascade will be configured as a master.
The master which should be the last device in the cascade, drives the GO signal, and all the other
devices synchronise their cascade and data inputs from the GO signal they receive. The GO signal
master could in theory be driven by any of the devices in a cascade, and this would work for a short
cascade. However, operation cannot be guaranteed, whereas an infinite length cascade will work if
the master is the last device in the cascade.

13.3.2 IMS A100 initialisations for convolution

The following description summarised the initialisations of the IMS A100 devices which will be required, prior
to the operation of 2-D convolution. A full understanding will require the use of the IMS A100 data sheet [6].
The settings necessary for a 2-dimensional convolution, using 8 bit grey scale data and 8 bit coefficients are
described.

The coefficient size is set to 8 bits by setting bits 8 (=1) and 9 (=0) of the SCR. As 8 bit grey scale is used
the top 8 data bits from either the data input port or DIR (each 16 bits wide) will be zero.

The result of the 8 by 8 multiplication will require 16 bits, and the 32 stages of accumulation will require a
further 5 bits so that the final result, will require 21 bits accuracy. The result required is manipulated internally
by a selector so as to be invisible to the user. The significant 8 bits of the result are obtained by setting bits
4 (=0) and 5 (=0) of the SCR, and reading data from the bottom 8 bits of the DOL register.

If there is a cascade of devices the lower 8 bits of output appear on the lowest 8 bits of the multiplexed data
output port, which will be connected to the cascade input of the next device in the cascade. By this means
scaling is done automatically, and is invisible to the user. The whole purpose of this is that many devices
can be cascaded, and appear like a single device with a number of stages which is a multiple of 32.

The remaining SCR register settings are as follows. Bank swap mode will be set to off. Data mode will be
set to either input data from the DIR register or data input port depending on the application. Fast output will
be set to off for this application.

The ACR will not generally be needed for this application as no bank swapping between the active and update
coefficient registers is necessary. It may be necessary to examine the selector overflow and cascade adder
overflow bits of the ACR should an error occur (error pin goes low).
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13.3.3 IMS A100 coefficient placement and data flow

Section 13.2.2 describes some of the convolution kernels which are used to perform feature extraction and
filtering on an image. The following discussion describes how these kernel elements are mapped onto the
coefficient registers of the IMS A100 so that 2-D convolution is performed.

The IMS A100 can be regarded as a 32 stage multiplier accumulator with 32 constant coefficients, which will
be consecutively multiplied with a stream of incoming pixels. The current coefficients are labelled from C(O)
to C(31) where C(O) is closest to the output, and C(31) is closest to the input, as shown in figure 13.8.

IMS A100 functional schematic
Din ----~----__r_-------,__----__.

Oout

IMS A100 output with time

T1 = OO.CO--1 ~ T2 = D1.CO+DO.C1063, 062 ... 01, DO IMS A100
T32 = 031.CO+030.C1 + 01.C30+00.C31

T64 = 063.CO+062.C1 + 033.C30+D32.C31

Figure 13.8 Illustration of IMS A100 pipelined calculation

In figure 13.8, pixel data presented at the Din port (or DIN register) at time 0 is referred to as DO. Immediately
after data is written, at time T1, a result will be read from the Oout port (or DOUOOH register). For the first
32 cycles (T1 to T32) of the IMSA100, partial results for data DO to 031, and coefficients C(O) to C(31) will
be output from the device. The results at time T1 and T2 are given.

From T32 onwards the device presents full results at its output, and the result at time T32 and T64 are given
to illustrate this. The steady state of the device yields the accumulation of 32 multiply operations which have
taken place over the previous 32 cycles. Notice also that at any instant the machine contains 32 pieces
of information (state), which are the 32 partially accumulated results, as they proceed through the 32 stage
pipeline.

If there is a cascade of 2 devices, there are 64 coefficients which can be referred to as C[O] to C[63]. The
output from the second device in the cascade is the sum of 64 multiply operations which have accumulated
over the previous 64 cycles. This principle can be extended to many IMS A100 devices, so that long multiply­
accumulation operations can be done. It is essential to be able to perform long cascades so that large
convolutions are possible. For example, a 128 point convolution will require 4 IMSA100 devices in cascade.

This also applies to 2-0imensional convolution. For instance, an [11 x 11] convolution using 121 stages, will
require 4 IMS A100 devices. Of course, 7 stages are not required, which means that 7 of the coefficients
(C[127] to C[121]) of the first IMS A100 in the cascade will be set to zero.

As can be recalled from section 13.2, a [3 x 3] convolution reqUires the accumulation of 9 multiply operations.
Similarly, a [5 x 5] convolution, illustrated in figure 13.9, will require 25 stages of multiply-accumulation. The
only problem is that the coefficients must be loaded in the correct coefficient locations, and the input and
output data must be ordered correctly, so that the IMS A1 00 architecture can be utilised. This is described in
the following section.
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13.3.4 Image scanning for a microprocessor based system

The following description will normally only apply to a system using a memory interface, for the transfer of
all data to and from the IMS A100. It is perfectly possible to use the following pixel sequencing operations,
for transferring data to the IMS A1 00 devices across the high speed data input and output ports. However,
this is not advised as the sequencing operations using normal hardware are complex, but are quite easy
with a microprocessor. The additional hardware could be better used for implementing an extremely high
performance system, such as described later.

Image scanning for 2-D convolution implementation

(A) Pixel array

00 01 0 020 030 040 050 060 070

01 )Ofl/: ::P~J::: ::p~,( ::,1::>41> UP$t 061 071

02 <t>:ij-?::: -:iQ??!: -:.ip3a") :Q4?\ /t?$2. 062 072

03 >Pf~/: :P?~( :p~:::: ]JM$'!: )[j§$:: 063 073

04 .J)·t4t 4~>:~4:: ··.P~: ]:)44/: P$4/ 064 074

05 )P4$> '::Q~$':: i'.P~<. :.P4$?: :)P$S:: 065 075

06 01 6 026 036 046 056 066 076

07 01 7 027 037 047 057 067 077

08 01 8 028 038 048 058 068 078

09 01 9 029 039 049 059 069 079

(C) Scanning for a single pixel

(B) IMS A100 coefficients

C24 C19 C14 C9 C4

C23 C18 C13 C8 C3

C22 C17 C12 C7 C2

C21 C16 C11 C6 C1

C20 C15 C10 C5 CO

(0) Scanning for next pixel

Figure 13.9 Pixel scanning and coefficient ordering

A pixel array (A) with 10 rows and 8 columns is used purely for convenience. The convolution kernel with 25
coefficients is shown in (B). The order of the coefficients is critical, starting at the bottom right and proceeding
one column at a time (Remember that CO is the coefficient of the last stage of the cascade). The scanning
pattern for the image is shown in (C) and (0). The dark black squares are valid output pixels, each of which
represent the convolution of 25 pixels with 25 coefficients.

If the light grey area of pixels is written to Din as shown in (C) the order will be 011 then 012 and so on
in columns until 055 is written. Immediately after 055 is written to Din a valid pixel is read from Dout. The
value of this pixel will be

D330ut = CO.055 + C1.054 + C2.053 + .... + C23.012 + C24.011

After this 051 is written followed by 052, 053, 054, 055 after which another valid pixel can be read.

D340ut = CO.065 + C1.064 + C2.063 + .... + C23.022 + C24.021
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In other words, for every 5 pixels written one valid pixel is read, from the beginning until the end of the row.
At the end of the row go back to the start of the row and move down a row repeating until the entire image is
scanned. The net effect is a completely convolved image. This is inefficient as the entire image is effectively
written to the IMS A100 FIVE times.

There is fortunately an optimisation which can be incorporated. The principle is that the some of the IMS A100
coefficients are set to zero, so that those stages act only to store and delay accumulated results. This is
described in the following section.

Improved Image scanning for 2-D convolution

Improved performance can be obtained by modifying the previous image scanning technique. The improve­
ment is obtained not by processing the individual pixels faster, but by passing the pixels through the IMS A100
fewer times. This is illustrated in figure 13.10 below.

(A) Pixel array

00 01 0 020 030 040 050 060 070

0 1 .J)lj·/ J)~j J:l.~n: ::I:)41::U ::;0$.1> 061 071

02 ?Df2\ J:)~~> J:)~/ ])42::: ::P~2:: 062 072

03 :.:pJ:$\ :::Q?~:;: /P~/ :g~~::: P§~> 063 073

04 \b1\4/ :])24/ )P~::: :::044:;: /P~? 064 074

05 \Pt!$.) ::-P~$.::: :i.P~::" ])45> ::·0$$·:: 065 075

06 01 6 026 036 046 056 066 076

07 01 7 027 037 047 057 067 077

08 01 8 028 038 048 058 068 078

09 01 9 029 039 049 059 069 079

(C) Scanning for 4 pixels

(B) IMS A100 coefficients

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

C36 C28 C20 C12 C4

C35 C27 C19 C11 C3

C34 C26 C18 C10 C2

C33 C25 C17 C9 C1

C32 C24 C16 C8 CO

(0) Scanning for next 4 pixels

Figure 13.10 Pixel scanning and coefficient ordering - high performance

Data is written to the IMS A100 devices as before except this time data is scanning over 8 rows at a time,
starting at 011 and finishing at D58. Scanning over the fifth column of 8 pixels from 051 to 058 will yield 4
valid pixels, starting at the black square.

033 out = CO.055 + C1.054 + C2.053 + + C23.012 + C24.011
034 out = CO.056 + C1.055 + C2.054 + + C23.013 + C24.012
035 out = CO.057 + C1.056 + C2.055 + + C23.014 + C24.013
036 out = CO.058 + C1.057 + C2.056 + + C23.015 + C24.014
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Immediately after D330ut is read from Dout, D56 is written to Din. The partially accumulated result for pixel
D430ut is then stored in the empty slot (The empty slot is the position in the IMS A100 which would accumulate
C5 with the data at Din. As this ooefficient is set to zero no accumulation takes place, and this stage acts
as delay and storage of data only) The next pixels D56 and D57 are written, and the partially accumulated
result for D440ut and D450ut are then stored in the IMS A100 pipeline. At this time there will be 3 partially
accumulated results D430ut, D440ut and D450ut, which will be required for processing the next column.

At the end of the column scan, after the pixel D58 is written, D61 followed by the remainder of that oolumn
of 8 pixels, are written. This yields a further 4 pixels as given below.

D430ut =CO.D65 + C1.D64 + C2.D63 + + C23.D22 + C24.D21
D440ut = CO.D66 + C1.D65 + C2.D64 + + C23.D23 + C24.D22
D450ut = CO.D67 + C1.D66 + C2.D65 + + C23.D24 + C24.D23
D460ut = CO.D68 + C1.D67 + C2.D66 + + C23.D25 + C24.D24

The scanning technique which scans across 8 rows at a time, while 4 rows of pixels are written, is 2.5 times
more efficient than the previous technique, where only 5 rows are written, for a single output row. It is simple
to calculate the efficiency for any number of zeros inserted into the coefficients of the IMS A100.

Convolution efficiency

For any system, there will be a fundamental pixel processing rate. As shown in section 13.3.5 the processing
rate, writing pixels across a high performance memory interface is unlikely to be better than 4 Mpixels per
second. Realistically 2Mpixels per seoond is a more probable performance. However, as shown above,
there will be an efficiency factor, dependent upon the the convolution technique used, which will reduce the
performance further. The best that can be done uses an image scanning pattern as shown in figure 13.10.

To calculate the efficiency, the number of stages and the number of zeros must be known. These calculations
assume that the maximum number of zeros will be used, for whatever number of A100s are selected.

stages := number.o f.A 1OOs x 32 (1 )

zeros := stages DIV(filter size 1) (2)
(filter.size)2 .-

Ef f· . . zeros + 1 (3)
tctency .= zeros + filter.size

As a simple example, it is known to take 500ns to process a single pixel, and the efficiency is calculated at
50%. The expected processing rate will be 1Mpixels per sec.

There is an obvious trade off between the number of A100 devices used and efficiency. A small number of
zeros increases efficiency greatly. However, as efficiency approaches 100% the added cost of more IMS A100
devices, to give more stages, will not give a proportionate increase in performance. No figures are given
here, as it is simple to calculate the numbers, for any given application.

13.3.5 Moderate speed image convolution

A moderate image convolution rate can be obtained by using a very simple design incorporating an 8 or 16
bit processor, which controls one or several IMS A1 00 devices. A typical system is shown in figure 13.11.
The system chosen uses an extremely high performance 16 bit processor, the IMS T212. The limiting speed
of this system is either the rate at which data can be transferred across the IMS A1OO/IMS T212 memory
interface, or the rate at which data can be transferred to and from an external system. The external system
may consist of camera, frame grabbing hardware and some form of image displaying capability. For the
purpose of argument it will be assumed that the IMS A1OO/IMS T212 memory interface is the limiting factor.

The performance of this system may be easily estimated, for whatever processor is used. This estimation
assumes that the image resides in memory before processing starts, and that the data input port is not used.
The resultant image will also reside in memory after processing.
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Figure 13.11 IMS A100 coefficient loading

The processing of a single pixel involves 5 steps which are in order

read from memory
write to IMSA100
IMSA100 processing,
read result from IMS A100
write result to memory

= 100ns
=100ns
= 200ns
=100ns
= 100ns

This shows that the time to process a single pixel will be aOOns so that for a complete picture of size [512 x 512]
a processing rate of aframes per second may be possible. While this may be achievable in theory there are
several problems which lead to a reduction in this performance.

• The data must be transferred both to and from the system, before and after processing. In practice
this may take longer than the processing itself.

• The data must be read and then written by the processor, usually into an internal register, which will
consume at least 2 extra cycles (100ns minimum)

• The data accessed by the processor will be in the form of a 2 dimensional array of pixels. The
processor has to calculate the array subscripts for every pixel in the image, which will consume at
least 4 processor cycles (200ns). The order with which pixels are loaded is not simply row by row
and is described elsewhere. (section 13.3.4)

• The nature of the convolution algorithm means that the image may need to be split up into small
blocks, which must be overlapped, to give a continuous convolution of the entire screen. This will
result in an inefficiency of between 10% and 50% depending on the size of the blocks and the degree
of overlap.

• The algorithm implemented on the IMS A100 has a fundamental efficiency as described in sec­
tion 13.3.4. Equations are given for the calculation of this efficiency. The algorithm should be
arranged so that the efficiency is better than 50%.

The effect of all these factors that a simple microprocessor based system is likely to have a processing rate
of between 1 and 4 frames per second. Even this will require an high performance processor with optimised
software.
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13.3.6 Very high speed Image convolution

In section 13.3.2 it is shown that complete images can be processed on the IMS B009 at between 1 and 4
frames per second. In appendix A, implementation of the convolution algorithm running on the IMS B009,
under an IBM PC environment is less than 1 frame per second. The actual IMS A100 processing time is only
200ns per pixel, which is less than 100/0 of the total processing time. As the IMS A100 device is such a fast
device it seems wasteful to reduce the performance to this extent. In practice, many users of the IMS A1 00
will wish to extract full performance which requires a hardware design.

Faster speeds require a slightly altered algorithm and dedicated hardware. The following describes a hardware
implementation capable of processing speeds up to 20 frames per second. The hardware setup is shown in
figure 13.12 This figure illustrates the hardware required to perform a [3 x 3] convolution on a [512 x 512]
image. Larger convolutions on larger images are possible with the addition of extra hardware. For example,
a [31 x 31] image convolution could be done using 31 IMSA100's and 30 sets of shift registers. Each shift
register has a 512 + 32 stage delay.

Cin .....-----....., Dout Cin .....-----...., Dout Cin .....-------t Dout

IMS A100
Din

512 + 32
stage delay

Cin 32 stage
mpy-acc array

Din 32 stage
delay

Din
IMS A100

512 + 32
stage delay

Dout

Din
IMS A100

Figure 13.12 Hardware for real time image convolution

In the example shown, 2 rows of data are stored in long shift registers, while the third row enters the data
input port of the first IMS A100 in the cascade. The first IMS A100 in the cascade has its cascade inputs
grounded, while all other IMS A100 devices have their cascade inputs connected to the data outputs of the
previous IMS A100 in the cascade.

The arrangement ensures that 2 pixels one above the other in an image are fed simultaneously into the
cascade input and data input of each IMSA100. The IMSA100 devices will process one line of pixels at a
time, and the entire image will eventually pass through every IMS A100. Because the system is fully pipelined
this results in no performance degredation.

Each stage of the cascade requires an IMSA100 and a long shift register. The IMSA100 is like a 32 stage
delay element, where the cascade input delayed by 32 stages is added to the data input after it has been
through a 32 stage multiplier-accumulator array. The 32 stage delay of the IMS A100 means that the shift
register delay must be a single line delay (512 pixels in this case) plus 32 stages.

The data throughput rate depends on the coefficient size selected for the IMS A1OO's, and is unaffected by
the number of stages. If 8 bit pixels with 8 bit coefficients are selected, a data rate of 5 KHz is achieved. For
a [512 x 512] image this gives a convolution time of one frame in 50 mS. This is a frame rate of 20 Hz with
faster speeds achieved by selecting regions of interest or multiplexing frames between several boards.
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As a further example application, it is required to pass a [31 x 31] pixel kernel template over a [1024 x 1024]
image at 50 frames per second. Processing will require 310 IMSA100 devices, segmented over several
boards. One configuration would use 30 [1024 + 32] delay stages, and would require 31 IMS A1OO's to
process the image in 200 ms. Therefore 10 such boards would be required, and a means of multiplexing the
individual images at a bandwidth of 50 Mpixels per second. This is mainly a problem of data distribution. The
processing problem has been solved by the capability of the IMSA100.

13.4 Conclusions

This application note has shown how the IMS A100 may be used to perform fast processing of digital images.
Some typical image processing functions have been described, including edge detection and filtering of a
picture.

The versatility of the IMS A100 has been shown by the following observations.

• The IMSA100 is capable of processing images at real time speeds, 20 frames per second, and a
hardware implementation of this has been described. This processing rate is possible because of
the high speed sampling rate of 10 million pixels per second of the IMS A100.

• It is simple to build a lower performance system consisting of several IMS A1OOs and a micropro­
cessor, with a capability of processing at between 2 and 4 frames per second. The simplicity of the
microprocessor interface which turns the device into a memory mapped peripheral helps to achieve
this.

• Identical hardware implementations can be used for different sizes and types of 2-0imensional
filters. It is therefore not difficult to modify the signal processing algorithm after the hardware design
is complete. This is eased by the general capabilities of the IMSA1 00 for many signal processimg
applications, involving the implementation of specific algorithms on the general purpose architecture.

• Even after hardware design is complete it is possible to increase or reduce performance as neces­
sary, simply by increasing or reducing the number of IMS A100 devices in the system. This is only
possible because the device is designed specifically so that several may be used in parallel.

13.5 Recent advances - the IMS A110

The IMS A100 is the first in a family of OSP devices, and the observant reader will realise that there are
several inefficiencies with using the IMSA100 for 2 dimensional convolution. For this reason, INMOS have a
dedicated device aimed specifically at 20 convolution applications.

The device, known as the IMS A110, has an architecture similar to that shown in figure 13.12. The device han­
dles 8 bit data and a single device is capable of performing 7x3 image convolution at a rate of 20 M samples
per second (4 times as fast as the IMS A1 00). Further, the line delay elements, as shown in this figure, are
integrated onto the chip so that the device can process video signals directly, without any frame buffering.
The device has several other useful features including

• Cascadability. It is possible to perform convolution in any multiple of 7x3, so for example 14x3, or
7x6 or 21 x9 convolution is possible. No additional hardware is required for this, only a multiple of
IMS A110 devices.

• An output look up table. At the output of the device is a look up table which may be modified across
a microprocessor interface. This facilitates such useful things as dynamic range enhancement and
operates at the full speed of the device.

• A maxlmin register and statistics monitor post processing unit. It can be very useful to
monitor the magnitude of signals passing through the device, and this can be done without stopping
processing.

The IMS A110 achieves all this by having on-chip programmable delay lines, and an on chip post-processor
for data transformation, as well as the the basic 21 stage multiplier-accumulator. It is dedicated to high
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speed video applications, and minimises system hardware requirements in these applications. The IMSA100
by contrast, is a general purpose device which can for example perform 2 dimensional FFT calculations, 1
dimensional FFT, convolution, correlation and complex processing on 16 bit data.

Despite the advantages of the IMS A110 in video applications, it may be practical to use the IMS A100 for
large 2-Dimensional convolution sizes. For example, a 28x30 convolution would require 40 IMS A110 devices.
The same could be achieved with 28 IMS A100 devices, plus line delay elements.

13.6 Implementation of convolution on the IMS 8009

One possible application of the IMSA100 cascadable signal processor is the processing of two dimensional
images, such as those obtained from a TV camera. The analogue signal from the camera must first undergo
analogue to digital conversion, and may then be presented to the IMS A100 for processing. The size of the
image used in this application note is by convenience [512 x 512] pixels. The reason why this size was
selected was that a camera and frame grabber board were readily available. The IMSA100 is capable of
processing any size of image including, for example, larger images such as high resolution satellite pictures
of the earth.

This section shows how the IMS A100 may be used to process a [512 x 512] pixel image. The work described
involves no hardware design and uses two standard boards supplied for the IBM PC. This shows how the
IMS A1 00 can be used to perform 2 dimensional filtering, convolution or correlation.

The system, shown in figure 13.13 is composed of a camera, monitor, digitising frame grabber board and
IMS B009 board. Both the frame grabber board and the IMS B009 [5] board are standard plug in boards for
the IBM PC.

Frame grabber

IMS B009

IBM PC
Host processor

o

Camera

Monitor

Figure 13.13 IBM PC and associated hardware

Software which controls the system runs on the IBM PC host processor and is written in Turbo Pascal,
Version 3.0. This program commands the frame grabber board to grab images which are then transferred to
the IMS B009 via the IBM PC host processor. The image is then transformed, using the convolution algorithm
running on the IMS B009, and transferred to the frame grabber board to be displayed on the monitor. It is
also possible to dump pre-processed and post-processed images to disc. This can be useful where further
processing is required. The software running on the IMS B009 is written in occam, although it could also be
written in C or Pascal. A knowledge of occam will be helpful for a full understanding of the implementation
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of this algorithm. The program is a modified version of the IMS 0703 development software [5], which is
generally available for OSP development with the IMS A100.

The image transformation technique uses a 2 dimensional image convolution algorithm, and is demonstrated
by performing edge detection and filtering on an image. The purpose of the computer program is only to
demonstrate the technique, not to investigate the enormous number of image transformations which are
possible. The program enables further investigation of 2 dimensional convolution kernels with the minimum
of effort. This program is not available as a product but may be obtained by contacting the OSP group based
at Bristol.

The performance of the system does not utilise the full performance of the IMSA100. There are two major
reasons for this. Firstly, all the data which is processed by the IMS A100 is transferred between the processor
and IMS A1 00, across a comparatively slow memory interface. Secondly, all the data is transferred to the
processor across comparatively slow links. The net effect of these factors is to reduce the effective data
rate by between 1 and 2 orders of magnitude. The bandwidth possible through the dedicated ports of the
IMS A1 00 is 10 Mbytes/sec. This bandwidth yields a maximum frame rate of 20 frames per second, while
the performance shown in the rest of this section is no better than one frame per second. A brief description
of how to obtain full performance from the IMSA100 is given in section 13.3.6.

13.6.1 Frame Grabber support

The frame grabber board is a card available for the IBM PC which can perform frame grabbing operations on a
video signal from an external source. The board used is a matrox PIP-1 024 capable of storing a [1024 x 1024]
image or 4 individual [512 x 512] images, with a resolution of 8 bits per pixel.

Video in
1

2

3

MUX INPUTJ---------1lSELECT
LUT

DUAL PORT
VIDEO RAM

Figure 13.14 Frame grabber hardware support

The board can be used in conjunction with the IBM PC host processor to perform various signal processing
functions, such as horizontal and vertical line detection, using a [3 x 3] image convolution algorithm. Using the
IMSA100 devices on the IMSB009 results in a factor of 5 performance improvement. A dedicated hardware
implementation using the IMS A100 will achieve at least a factor of 50 performance improvement.

The board is used to continuously grab pictures and display them, to freeze frames, grab single frames and
to accept single frames from the IBM PC bus which may then be displayed. The board is controlled directly
by the Turbo-pascal program which runs on the IBM PC host processor.

13.6.2 The IMS 8009 hardware

An overview of the IMS B009 is shown in figure 13.15 , and a more detailed description of the key components
is shown in figure 13.16 The IBM PC host processor communicates with the IMS C011 across the IBM PC
data bus. Conversion into the standard inmos link protocol is performed by the IMS C011 , and an optional link
jumper is used to connect this link to one of the links of the IMS T414. A further fixed serial link communicates
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with the IMS T212. There are several other links which may optionally connect to other parts of a system.
It is possible for example to connect several IMS B009 boards together and form a larger system. Another
possibility is to use several links between the IMST414 and IMST212 to increase communication bandwidth.

IMS T212
64Kbyte SRAM

IBM PC
Bus

Data
Input

IBM PC
interface \ L TRAM J/
I \ / Address
~ INMOS serial links decoder &B generator
II
~,...~'t.l::~~w:m::~m~1
\t ~ ~ m
~ ~ ~ ~ Data

Output

IMS A100 IMS A100 IMS A100 IMSA100 .....- .....

Figure 13.15 IMS B009 overview

The 64 Kbytes of SRAM act as program and data memory for the IMS T212. The high speed data in and data
out interfaces to the IMSA100 cascade are available at an external connector, for maximum speed operation
of the IMSA100 cascade. In this application all data input/output is performed by the IMST212, across the
slower microprocessor interface with the IMS A100.

The 4Kx12 SRAM look-up table, multiplexer and address decoder are used to speed the transfer of data
during processing. The flow of data during the application of a typical signal processing algorithm will be from
the frame grabber, across the IBM PC data bus, through the IMS C011 link adapter and into the memory of
the IMS T414. Data is then transferred using the transputer block move engine, across the transputer link, at
about 900 Kbytes per second, into the memory of the IMS T212. The data is then processed by the IMS T212
in combination with the IMSA100 cascade and the result transferred to the IMST414. From the IMST414
the result may be transferred back to the IBM PC host processor, either to be filed on disc or to be displayed.

The IMS B009 also has a direct interface between the IBM PC bus and the IMS A1OO's. This is only used
when the IMS T212 is disabled. This mode of operation of the IMS B009 is not used in this application and
will not be discussed further. The use of this interface is for slow access to the IMS A100 from a program
written in any programming language on the IBM PC.
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Figure 13.16 Key components of the IMS B009
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13.6.3 Transputer block move capability

The transputer block move capability is used to transfer data at maximum memory bandwidth, from one
position in memory to another. This following describes the mechanics of the block move, and shows how it
is modified so that it may be specifically used for this application.

The technique uses hardware external to the transputer to modify memory accesses. Therefore the transputer
is not in total control of what is happening during the block move. The transputer is responsible for the
initialisation of the external hardware prior to execution of the block move operation. This technique, while
useful for improving performance, requires caution for its use.

All transputers have dedicated hardware support for moving blocks of data from one area of memory to
another. The IMS T212 doing a block move on the IMS B009 will transfer a 16 bit word from one memory
location to another in 300ns, with 150ns required for the read operation and 150 ns for the write operation.
One possible occam implementation is given in the code below. In this case 1024 words are transferred from
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position #4000 to #5000. The compiler deals with setting up the counter and address registers.

[1024]XNT arrayl:
[1024]XNT array2:
PLACE arrayl AT '4000
PLACE arrayl AT '5000
SEg

Load array with source data
Arrayl := Array2

The block move capability can be used to transfer data into and out of the IMSA100 devices extremely quickly.
However, the data must be in the correct order and word aligned. If processing is required to position the
data correctly in memory, then the performance of the system will be impaired.

The sequence of operations required to access the IMS A100 devices from the IMS T212 is a read from
memory followed by a write to the DIR 2 register, followed by a read from the DOL 3 register followed by a
write to memory. There is little similarity between the simple transputer block move operation and the transfer
of data into and out of the IMSA100.

The hardware required to modify the simple block move operation is an address decoder and look-up table
(LUT), which are included as part of the IMST212 memory interface. Whenever a memory address is output
by the IMST212 and the LUT is active the address is translated by the LUT. The 4Kbytes of LUT are used
to convert a block of sequential addresses into an arbitrary sequence of addresses, with no processing
overhead.

In addition to the address translation LUT the address output by the IMST212 is decoded along with the
information of a read or a write cycle. The result is used to decide if a write to the DIR register, a read from
the DOL register, or a normal readlwrite cycle is required.

For the 2-D convolution, data is placed in the memory of the IMS T212 one pixel at a time and one line at
a time. However, the pixels are loaded into the DIR register of the IMSA100's one column at a time. The
address translation LUT is used to map the rows of pixel data into columns of pixel data so that the data
enters the IMS A100 cascade in the correct order. In exactly the same way the output data from the IMS A100
is in columns and must be translated into rows, so that it may be redisplayed on a monitor.

The size of the LUT enables 4096 possible translations, half of which are used for the data input, and half of
which are used for the data output from the IMS A100 cascade. Therefore it is only possible to have a block
of data of 2048 pixels. This means that for example an image of [512 x 512] pixels must be split into, say,
128 blocks each with [16 x 32] pixels. For efficency reasons it is best to keep the blocks as close to square
as possible.

The sequence of operations involved with a 2-D convolution is as follows:

1 Read from memory through the address translation LUT so that the correct pixel is accessed.

2 Write pixel to the DIR register of all the IMS A1OO's in the cascade.

3 Read result of the convolution from the DOL register of the last IMS A100 in the cascade.

4 Write result to memory location given by the address transtation LUT.

The result of doing this operation for every pixel in the block, is stored sequentially in 'memory and is then
transferred across the transputer link to the IMS T414, where all the blocks are recombined into one image.
The complete image is then transferred to the matrox board to show the result of the convolution.

2The DIR register is the Data Input Register

3The DOL register contains the Low byte of Output Data
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13.6.4 Implementation of the 20 convolution algorithm

The convolution algorithm is implemented in occam on the IMS B009 which consists essentially of 2 processors
running in parallel. The main purpose of these processors is to prepare the data for processing by the
IMS A100 devices. This following description gives the details of this implementation with respect to both the
hardware and software.

The IMS T414 and IMS T212

The IMS T414 module with 1 megabyte of memory is connected to the IBM PC host processor via a link
adaptor. This processor runs the main program and also stores the complete image buffer and result of the
convolution. Both the result of convolution and the image buffer contain 256 Kbytes of image data.

The IMS T212 handles reading and writing of data across the IMS A1 OO/IMS T212 memory interface. All data
processed by the IMSA100 passes across this interface.

The IMS T212 which is connected to the IMS T414 by a transputer link, runs several specialised procedures
and has limited data space for the storage of images. Therefore, the IMST212 will at any moment during
program execution be processing only a small portion of the image. The following program runs on the
IMST414 processing individual blocks of the image one after the other. The operation is described below in
pseudo-occam. Notice that the three dots at the beginning of some lines hide code within them.

PROC 2D.convo1ve(VAL [] []BYTE input.image, [] []BYTE convo1ved.image)
ca1cu1ate b10ck sizes, rows and co1umns
set up address mapper

SEQ b1ock.row = 0 FOR tota1.b1ock.rows
SEQ b1ock.co1 = 0 FOR tota1.b1ock.co1s

SEQ
Ca1cu1ate new pixe1 coordinates o~ the b10ck
Dump b10ck o~ input image array to INS T2l2 ~rom IMS T4l4
Convert data into INS A100 format
F1ush INS AlOO cascade
B10ck move data through INS A100's (DO THE REAL WORK)
Convert resu1t into bytes
Send resu1t from INS T2l2 to INS T4l4
P1ace resu1t into convo1ved image array (fina1 resu1t)

The block sizes, the number of blocks in each row and the number of rows in each image are first calculated
and apply for the duration of the convolution of one entire [512 x 512] pixel image. Each block is made up of a
precalculated number of rows and columns of individual pixels. The maximum number of pixels in each block
is 2048 pixels. This is a limitation of the address mapper which can perform a maximum of 4096 address
translations, 2048 for input and 2048 for output. Without this address mapper the pixel data would need to
be reordered by the transputer, which is extremely time consuming. The address mapper makes possible
arbitrary address sequences, so that data in the transputers memory space may be in any arbitrary order
prior to processing by the IMS A1 00.

The address mapper is set up once before processing the image. The code to do this is as follows:

SEQ
SEQ i = 0 FOR b1ock.size

SEQ
j := 2 * i
mapper. array [j] .- i
mapper. array [j+l] := b1ock.size + i
write array to mapper

This address mapping, between the memory and the transputer, enables the use of the transputer block
move engine. Under normal operation the block move engine transfers a block of data in contiguous memory
to another position in memory one word at a time at maximum speed. This is considerably faster than doing
individual readlwrite operations.
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In order to use this block move facility without the address mapper the data would need to be interleaved
with the result. This would lead to inelegant and inefficient software, and it is much better to have arrays in
contiguous memory. The transputer is reading and writing at consecutive locations, but the external hardware
is "cheating" so that the transputer is actually reading or writing at locations defined by the address mapper.
The previous piece of code is used to set up this interleaved addressing.

The operation of passing data through the IMS A1OO's may be considered as 4 distinct actions, which use up
two transputer block move cycles.

During the first block move, data is read from the address mapped memory location output by the transputer.
The transputer then attemps to write this data to the block move output address. However, the external
hardware recognises this cycle and intercepts it, so that data is written to the DIR register of all the IMS A1OO's
and not to memory. During the write to DIR the address mapper is unused.

During the second block move, the transputer attempts to read from the next memory location of the input
array. However the external hardware again recognises this and the data is read from the DOL register of
the last IMS A100 in the cascade. The transputer then attempts to write data to the next memory location of
the output array. However this is again intercepted and the data is written to the address mapped memory
location output by the Transputer.

The net effect is that the image block residing in IMST212 memory is passed through the IMSA100 DIR
and DOL registers and the convolution result read from the DOL register now resides in contiguous memory
ready to be transferred back across a transputer link to the IMS T414.

Performance

The performance of this setup is easily calculated as the sum of the time for two transputer block moves (2
x 300ns for IMS T212 with 1 wait state) plus the time for a single cycle of the IMS A1OO's (200 ns for 8 bit
coefficients). This gives a total pixel transformation time of 800 ns.

To obtain the time required for the convolution of a complete image it is only necessary to calculate the
number of blocks of pixels comprising a complete image. As will later be shown the number of blocks is not
just a function of image size, but depends on the size of the convolution kernel, and the number of pixels in
each block.

The best possible performance assumes that 256K pixels each require 800 ns of processing. This corresponds
to a processing rate of 5 frames per second. In other words the performance degredation caused by using
a memory interface, as opposed to using the dedicated cascade and data ports, to get the data into and out
of the IMSA100 yields 25% of the available performance of the IMSA100. As will now be explained, the
actual frame processing rate will be somewhat less than this, because the blocks of image data comprising
the complete image must be overlapped.

Image segmentation

The image is segmented into several blocks of pixels. This is illustrated in figure 13.17. In this example each
block overlaps in both the x and y directions dependent on the size of the convolution kernel. This image
convolution kernel with size [5 x 5] requires an overlap of 4 pixels on each edge. If this is not done the result
of the convolution of the image will have vertical and horizontal lines of incorrectly convolved data running
down and across.

Overlapping of image blocks means that pixels at the edge of a block will be passed through the IMS A100
twice. This does not matter except that the time to process an entire image will be increased. Also pixels
at the edge of the image must be ignored. In this example the 2 outermost pixels at the edge of an entire
frame do not contain useful information.

To process a single block will require the processing of 144 pixels, only 64 of which will be valid. This
represents 44% efficiency for processing the entire image. The larger the kernel or the smaller is each
individual processing block, the less efficient is this technique of image segmentation. Unfortunately this
technique is the best that can be done using the IMS B009, with data transfer across the relatively slow
memory interface.
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Figure 13.17 Image segmentation

Thresholding and scaling using software LUT

A software LUT is used to do scaling of the data output from the DOL register of the IMSA100. Thresholding
has not been done though it is simple to add.

The data from the camera consists of [512 x 512] pixels each with 8 bit grey scale. Each pixel is operated
upon by the convolution kernel, which may have negative components. This operation is done inside the
IMS A100 and the result of the convolution for each pixel may be either negative or positive. Also, because
the data is only 8 bits, the limits are -128 to +127. As these numbers are inappropriate for output to the
monitor, scaling is applied to convert into a grey scale value between 0 and 255. However, if the values
output by the IMS A1 00 are known to be positive, because all the kernel elements are positive, the output
does not require scaling. The program enables the optional use of a predefined software LUT in order to
create images with the maximum dynamic range.

The LUT facility can be used for other techniques such as non-linear scaling and thresholding. A side effect
of the thresholding operation is further deterioration of performance. Each pixel must be read from memory,
transformed through the LUT and written back to memory. This takes 800 ms (40-50 cycles) for the IMS T414,
with all the data in off-chip memory. The operation in occam is

pixe1[i] [j] := tab1e [pixe1 [i] [j]]
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Transfer of Image across links

Data transfer across links involves the transfer of 512 Kbytes of data which will take approximately 500 ms
using a single 20 Mbit/sec link. Also, because of the image segmentation method described earlier, the
perimeters of each image block will in effect be transferred twice. This inefficiency is worse for large kernel
sizes and small block sizes.

In the examples used in this application note the time taken for data transfer lies between 500 ms and 1000 ms.

13.6.5 The Demonstration Program

The following information is only relevant to users of the IMS 0703 [5] software, which is available from the
OSP group, based at Bristol. Readers not using this software can ignore the following.

The demonstration program can be used to execute several functions including the convolution of a single
image. Images may be grabbed from the frame grabber board and processed, and the result may be
displayed. Also the original images and convolution results may be stored on disc, although a lot of disc
space is required at 256 Kbytes per image. An image can also be read from disc instead of from the frame
grabber which is useful if images need to be processed several times. Storing away this amount of data is
however quite slow. An optional post processing program is also available which transforms these grey scale
images on disc into postscript format. The pictures in this document are created in this manner.

IMS 0703 Development software

The program operates a modified version of the IMS 0703B development software. For more information on
this please consult the IMS 0703 user guide and reference manual. Briefly the differences are as follows:

• The routines for accessing the matrox board are included in the software but not with the standard
IMS0703.

• Routines which enable byte wide data to be transferred across the links between the IMS T212 and
IMS T414 have been enabled. With the IMS 0703 all data is transferred as 16 bit words both to and
from the IMS T212. The 16 bit word format is directly suitable for the IMS A1OO's assuming the use
of 16 bit coefficients. The IMSA100's process data in 400ns in this mode.

• Because only 8 bit data is used in this application (8 bit grey scale) it would be very wasteful to transfer
16 bit words as half the data would be redundant. However, the 8 bit data must be transformed into
16 bit data with the top 8 bits held low (zero). This is because the IMS A100 does requi re 16 bit
data even when in 8 bit coefficient mode.

• The 5 applications in the IMS 0703 system have been removed, and replaced by the single appli­
cation. It would be possible to add this application to the original 5 but because this application
uses a lot of memory, (512 Kbytes for the image buffers alone) it was found that the 6 applications
overflowed the 1 Mbyte of memory on the IMS B009-2. This may be aleviated in the future when
modules with 2 mega bytes or more are available.

Injection of noise onto Images

The program has a facility to add random noise onto an image. The reason for doing this is to show the
benifit of large convolution kernel sizes.

Qualitatively, the effect of a large kernel is to locally average pixels surrounding a pixel point. This results in
a blurring of the image but does give the effect of reducing noise. This is the analogue equivalent of a low
pass filter.

Convolution kernel file

A convolution kernel file is read by the program each time it is executed. This means that many convolution
kernels may be investigated without the need for recompilation of the program. An example format of this file
is given below. It is only necessary to edit this file to investigate any number of convolution kernels.
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The file must start with the number of convolution KERNELS. When the program runs. 4 kernels in this
example will be sequentially executed. and the resultant image for each is displayed on the monitor. Each
KERNEL has an optional description which is shown simultaneously while the convolution is being done. The
SIZB of each kernel must also be given. This is used to check for correctly entered kernel elements. The
SCALE is multiplied by each element of the kernel to give the resultant convolution kernel. The SIGN is
used to determine the software LUT which operates on the output of the IMSA100. There are 2 possible
LUTs available for the existing program. '+' which assumes that all elements in the array are positive and
'-' which accepts either positive or negative integers. These LUTs are used because the IMSA100 is a 2's
complement integer machine. and it is therefore necessary to know if the output from the IMSA100 requires
conversion or may be assumed positive.

It is possible to add other software LUTs. for example to do nonlinear scaling and saturation control. As
different convolution kernels may require different output conversions through the look-up table this attribute
is made individual to each kernel.

KERNELS 4

KERNEL Simp1e ~i1ter

SIZE 3 SCALE 28 SIGN +
ROW 1 1 1
ROW 1 1 1
ROW 1 1 1

FINISH

KERNEL Simp1e ~i1ter

SIZE 9 SCALE 3 SIGN +
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1
ROW 1 1 1 1 1 1 1 1 1

FINISH

KERNEL Sobe1 Operator Edge Detection
SIZE 3 SCALE 32 SIGN -

ROW -2 -1 0
ROW -1 0 1
ROW 0 1 2

FINISH

KERNEL Sobe1 Operator Edge Detection
SIZE 9 SCALE 1 SIGN -

ROW -7 -7 -7 -4 -3 -4 0 0 0
ROW -7 -7 -7 -3 -4 -3 0 0 0
ROW -7 -7 -7 -4 -3 -4 0 0 0
ROW -4 -3 -4 0 0 0 4 3 4
ROW -3 -4 -3 0 0 0 3 4 3
ROW -4 -3 -4 0 0 0 4 3 4
ROW 0 0 0 4 3 4 7 7 7
ROW 0 0 0 3 4 3 7 7 7
ROW 0 0 0 4 3 4 7 7 7

FINISH

FINISH kerne1 ~i1e
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14.1 Introduction

The IMS A11 0 is a single-ehip programmable and cascadable device suitable for many high speed image
and signal processing applications. It consists of a configurable array of multiply-accumulators (420 MOPs),
three programmable length 1120 stage shift registers, a versatile post-processing unit and a microprocessor
interface for configuration and control purposes. The comprehensive on-chip facilities makes a single device
capable of dealing with many image processing operations. A simplified block diagram is shown in figure 14.1.

For some applications however, the power and versatility of a single IMS A110 is not sufficient, in these cases
a cascade of devices often provides a solution. The purpose of this document is to describe some of the
most useful ways to cascade IMS A11 Os to achieve even higher performance and as such does not cover
the use of the backend processor or device applications.

14.2 Operation of a single IMS A110

The A110 may be set up as either a one or two dimensional multiplier accumulator array (MAC).

14.2.1 One dimensional operation of an IMS A110

For one dimensional operation the first delay PSRc is set to some arbitrary value (normally zero) while PSRb
and PSRa are set to zero. N.B. at any given point in time the first MAC stage in bank c is processing the
oldest data while the last MAC stage of bank a is processing the newest data.

14.2.2 Two dimensional operation of an IMS A110

For two dimensional operation the first delay (PSRc) is again set to some arbitrary value; however, the setting
of PSRa and PSRb is dependant on the line length in pixels of the image being processed. It turns out that
in order to achieve a rectangular convolution window the number of delays to be programmed into PSRa and
PSRb is equal to the line length in pixels plus the length of the MAC pipelines (seven stages). For example
if the screen width of the image to be processed is 512 pixels then the delay to be programmed into shift
registers PSRa and PSRb is 519.

N.B. normally when processing an image with an arbitrary setting of PSRc the delay (latency) through the
IMS A110 causes the output image to be incorrectly aligned or skewed. This results in an apparent rotation
of the output image in the horizontal plane. To correct this problem PSRc may be adjusted to introduce a
suitable number of delays to shift the image into the correct position.

Typically image data is fed into an IMS A110 line by line starting at the top left and ending at the bottom
right. Given this definition it may be seen that the first MAC stage in each row is processing the data nearest
the left hand side of the screen (the oldest data) and that the last MAC stage in each row is processing the
data nearest the right hand side of the screen (the newest data). In a similar fashion the first row is always
processing the newest data (the data nearest the bottom of the screen) and the last row is always processing
the oldest data (the data nearest the top of the screen). It is important to bear in mind these relationships
when programming IMS A11 Os, otherwise the operation being performed on an image may not be what was
expected.
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PSRc: 0-1120

PSRb: 0-1120

PSRa: 0-1120

CASin
Data conditioner etc.
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Figure 14.1 Block diagram of the IMS A110

14.3 Fundamentals of cascading IMS A110s

Consider a single IMS A110 configured to perform some task on a stream of data values. The filter kernel
formed by the coefficients may be thought of as a block passing over the data. To produce bigger filters it
is necessary to join a number of separate blocks together. This may be achieved by connecting together a
number of IMS A11 Os, as shown in figure 14.2, and configuring them suitably. In order to create a contiguous
filter kernel (Le. a filter without overlap or gaps) it is essential that the route between PSAin and PSAout for
each device is programmed correctly and that the internal delay lines are programmed to the correct lengths.

Device n - 1
,...-------. PSAout

IMSA110
CASout

PSAin

CASin

Device n

IMSA110

PSAout

CASout

Figure 14.2 Standard connection for cascading IMS A11 Os

To assist in the calculation of the delays to be programmed into the programmable shift registers it is con­
venient to define a reference data path through the MAC of any given IMS A110. In this document, unless
specified, the reference path is taken to be from the input to the multiplier marked with an asterisk (.) in
figure 14.1 to the cascade adder marked with a hash (#).
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In addition before embarking on any calculation it is necessary to know the following:

1 The delay between PSRin and PSRout when the data is routed directly from PSRin to PSRout
without passing through the programmable shift registers. This delay is known as DD.

2 The delay along the reference path. This delay is known as DR.

3 The delay through the backend between cascade in and cascade out. This delay is known as DB.

4 The locations of the other inherent delays within IMS A11 Os.

S The meaning of line length, kernel width and kernel height. See figure 14.3 for a definition of these
terms.

Figure 14.1 shows a functional block diagram of an IMS A110 with all the inherent delays included. From this
diagram it is possible to calculate the value of the three delay constants as shown in table 14.1.

DR = (1 + 1) + (7 + 1) + (7 + 13)

DR =30

Table 14.1

......1--------------- L --------------1...

Filter kernel t
H

~ w t'

L == line length

W - kernel width

H • kernel height

Figure 14.3 Depiction of line length, kernel width and kernel height

14.4 Cascading IMS A110s to produce long one dimensional filters

A single IMS A110 is capable of producing a one dimensional filter with up to 21 taps (shorter filters may be
made by setting unrequired coefficients to zero). To create longer filters it is necessary to cascade a number
of IMS A11 Os together. Each additional device added to the cascade gives an additional 21 taps allowing
filters of almost unlimited size to be built from simple building blocks.
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To develop the delays required to be set up in a one dimensional cascade the system shown in figure 14.4
will be considered. This system only contains two devices but will be examined in a general way so that
rules may be developed for cascades of arbitrary length. It has already been mentioned how to set up the
delays to achieve one dimensional convolution in a single device. Fortunately, in cascades of IMS A11 Os the
data relationships within each device are the same as those which would exist inside a single non cascaded
device processing the same data. Hence, in the one dimensional cascade under consideration the delays
programmed into PSRa and PSRb of each device are zero.

Device" - 1 Device "
PSRin

CASin

PSRout

CASout

PSRin

CASin

PSRout

CASout

Figure 14.4 Direct data path connection for cascading IMS A11 Os

In order to cascade IMS A11 Os into long one dimensional filters the data is normally routed directly from
the input to the output of each device without passing through the programmable shift registers, as shown
in figure 14.4. It may be seen that each piece of data takes two routes through the cascade. One route
generates partial results via the MAC of device n - 1 and the other via the MAC of device n. These partial
results are eventually combined at the cascade adder in the backend of device n. To produce the correct
result it is important that these two separate data streams are aligned correctly.

Assuming that the delay in the PSRc of device n - 1 is X n -1 and that the delay in PSRc of device n is X n ,

it is desired to calculate the relationship between these delays for correct combination of the partial results.
Consider an item of data when it reaches device n - 1. The delay before the component due to this data,
flowing via the reference path in device n - 1, reaches the cascade adder of device n is:

Dn -1 = 1 +Xn -1 +1 +3+DR +DB

Dn -1 =41 + Xn -1

Similarly the delay before the component due to this data, flowing via the reference path in device n, reaches
the cascade adder of device n is:

Dn = DD + 1 + Xn + 1 + 3 + DR

Dn =37 + X n

Now, for a contiguous convolution kernel, it is desired for the results flowing via the MAC of device n - 1 to
arrive at the cascade adder of device n, 21 clock cycles behind those which have come from the other route.
Hence:

Dn -1 .- Dn = 21

41+xn _1-37-xn =21

X n -1 = Xn + 17

This means that the PSRc of device n - 1 must be programmed with the value which is in PSRc of device n
plus a fixed constant of 17. This rule may be extended to take into account any number of devices providing
that the maximum length of the delay lines is not exceeded. The PSRc of the last device in the cascade may
be programmed to an arbitrary value (normally zero) providing the maximum length of the first PSRc delay
in the cascade is not exceeded.
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For example consider the problem of filtering a data stream with a 50 tap filter. This could be achieved by
cascading three IMS A11 Os. Typical delays which would have to be programmed into the devices are given
in table 14.2.

Device 1 Device 2 Device 3

PSRa 0 0 0
PSRb 0 0 0
PSRc 34 17 0

Table 14.2

14.5 Cascading IMS A110s to produce wider two dimensional filters

A single IMS A110 is capable of filtering an image with a two dimensional kernel which has a maximum width
of seven cells (narrower filters may be made by setting unrequired coefficients to zero). To create wider filters
it is necessary to cascade a number of IMS A110s together. Each additional device added to the cascade
increases the maximum width by an additional 7 cells, allowing filters of almost unlimited width to be created.

The connections required to cascade IMS A11 Os into horizontal cascades may be seen in figure 14.4. It
may be noted that the connections for this type of cascade are identical to those presented in section 14.4
for one dimensional cascading. The difference in function is achieved by changing the delays present in the
programmable shift registers. It was mentioned in section 14.2 that for two dimensional filtering using a single
device the length of PSRa and PSRb have to be programmed to the line length plus seven. Hence to ensure
correct alignment of the rows of the filter in a horizontal cascade it is necessary that PSRa and PSRb of each
of the devices must also be set to this value.

In order to cascade horizontally the pixel data is normally routed directly from the input to the output of each
device without passing through the programmable shift registers. As before it may be seen that each item of
data (pixel) takes two routes through the cascade. By assuming that the delay in the PSRc of device n - 1
is X n -1 and that the delay in PSRc of device n is Xn , then the route delay equations derived are the same
as those calculated in section 14.4.

Dn -1 =41 + X n -1

Dn =37+xn

Now, for a contiguous convolution kernel, it is desired for results flowing via the MAC of device n -1 to arrive,
at the cascade adder of device n, 7 clock cycles behind those which have come from the other route. This
may be achieved by ensuring that the data passing via MAC n - 1 takes 7 cycles longer than data passing
via the MAC n route. Hence:

Dn -1 - Dn =7

41 + X n -1 - 37 - Xn =7

Xn -1 = X n +3

This means that the PSRc of device n - 1 must be programmed with the value which is in PSRc of device n
plus a fixed constant of 3. This rule may be extended to cascade any number of devices providing that the
maximum length of the delay lines is not exceeded. The value programmed into the PSRc of the last device
in the cascade is arbitrary (normally adjusted to deskew the output image) but must not be set so high that
the PSRc of the first device in the cascade exceeds its maximum.

For example consider the problem of filtering a 1024 pixel wide image with a 15x3 filter kernel. This could
be achieved by cascading three IMS A11 Os into a horizontal cascade. Typical delays which would have to
be programmed into the devices are given in table 14.3.
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Device 1 Device 2 Device 3
PSRa 1031 1031 1031
PSRb 1031 1031 1031
PSRc 6 3 0

Table 14.3
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14.6 Cascading IMS A110s to produce higher two dimensional fiRers

The maximum height of a two dimensional filter kernel produced by a single IMS A110 is three cells. This
is restricting in some applications but, may be easily overcome by cascading a number of IMS A11 Os into a
single vertical strip. The theoretical maximum height of filter which can be created is equal to three times the
number of devices cascaded. Hence the vertical filter size is limited only by the number of devices used.

Device n - 1
PSRin

CASin

PSRout

CASout

PSRout

CASout

Figure 14.5 Indirect data path connection for cascading IMS A11 Os

To develop the delays required to be setup in a vertical cascade the system shown in figure 14.5 will be
considered. This system only contains two devices but will be examined in a general way so that rules may
be developed for cascades of arbitrary length. It was mentioned in section 14.2 that for two dimensional
filtering using a single device the length of PSRa and PSRb have to be programmed to the line length plus
seven (L+7). Obviously to ensure oorrect alignment of the rows of the filter in a vertical cascade it is necessary
that PSRa and PSRb of each of the devices must also be set to this value.

To cascade vertically the pixel data is normally routed from the input to the output of each device via the
programmable shift registers (see figure 14.5). Again it may be seen that each pixel takes two routes through
the cascade. One route generates partial results via the MAC of device n - 1 and the other via the MAC of
device n.
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These partial results are eventually combined at the cascade adder in the backend of device n. In order to
produce the correct result it is important that these two data streams are aligned correctly.

Assuming that the delay in the PSRc of device n - 1 is Xn -1 and that the delay in PSRc of device n is X n , it
is desired to calculate the the relationship between these delays for correct combination of the partial results.
Consider a pixel when it reaches device n - 1. The delay before the component due to this pixel, flowing via
the reference path in device n - 1, reaches the cascade adder of device n is:

Dn -1 =41 + Xn -1

Similarly the delay before the component due to this pixel, flowing via the reference path in device n, reaches
the cascade adder of device n is:

Dn =1 + (Xn -1 + 1) + (L + 7 + 1) + (L + 7 + 1) + 1 + 1 + (xn + 1) + 3 + DR

Dn =54+ 2L + X n -1 + Xn

But for a contiguous convolution kernel it is desired for results flowing via MAC n to arrive, at the cascade
adder of device n, three line lengths after those which have come from the other route. This may be achieved
by ensuring that the data passing via MAC n takes 3L (where L is the line length in pixels) cycles longer than
data passing via the MAC n - 1 route. Hence:

Dn -Dn - 1 =3L

54 + 2L + X n -1 + X n - 41 - Xn -1 =3L

xn =L-13

This means that the PSRc of device n must be programmed with a value which is equal to the line length
minus a fixed constant of 13. This rule may be extended to cascades containing any number of devices
providing that the maximum length of the delay lines is not exceeded. N.B. the setting of the PSRc of the
first device in the cascade is arbitrary and may be adjusted to deskew the output image.

For example consider the problem of filtering a 512 pixel wide image with a 7x7 filter kernel. This could
be achieved by cascading 3 IMS A11 Os into a vertical cascade. Typical delays which would have to be
programmed into the devices are given in table 14.4.

Device 1 Device 2 Device 3

PSRa 519 519 519
PSRb 519 519 519

PSRc 0 499 499

Table 14.4

14.7 Cascading IMS A110s to produce wider and higher two dimensional filters

To produce filters which are both wider and higher than allowed by a single IMS A110 it is possible to cascade
a number of the wider filters discussed in section 14.5 into a vertical strip.

The connections required to cascade IMS A11 Os into two dimensional cascades may be seen in figure 14.6.
The system shown has arbitrary width but only two rows of devices allowing a maximum filter height of six
cells. However the system will be examined in a general way so that rules may be developed for cascades
of arbitrary height. It may be noted that across each row, except for the last device, direct connection is used
between PSRin and PSRout. The last device uses the indirect. route via the programmable shift registers
to connect to the first device of the next row. Since each row of this cascade consists of a horizontal
cascade the rules developed for the delays in such a cascade (see section 14.5) apply to each row of this
larger configuration. However, the relationship between the delays in the vertical direction requires careful
consideration.
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Figure 14.6 Connections for cascading IMS A11 Os into wider and higher 2-D filters

Assuming that the array of IMS A11 Os contains M devices in the horizontal direction and that the delay in
PSRc of each device is as shown in figure 14.6, it is desired to calculate the relationship between these
delays for correct combination of the partial results generated by each row within the cascade. Consider a
pixel when it reaches device n - 1,1. The delay before the first component due to this pixel, flowing via the
reference path in device n - 1, 1, reaches the cascade adder of device n, 1 is:

D,.,-1,1 = 1 +X,.,-1,1 +1 +3+DR +DBM

D,.,-1,1 = 35+6M+x,.,-1,1

Similarly the delay before the component due to this pixel, flowing via the reference path in device n, 1,
reaches the cascade adder of device n,1 is:

Dn ,1 =2(M-1)+1 +(X"'_1,M+1)+(L+7+1)+(L+7+1)+1 +1 + (X,." 1 +1)+3+DR

Dn ,1 = 52+2M +2L +X,.,-1,M + X,.,,1

But for a contiguous convolution kernel it is desired for results flowing via MAC n, 1 to arrive, at the cascade
adder of device n, 1 a period of 3L clock cycles after those which have come from the other route. Hence:

D,.,,1 - D,.,-1,1 = 3L

52+2M +2L+x,.,-1,M + X,." 1 - 35 - 6M - X,.,-1,1 = 3L

17-L-4M+x,.,-1,M+X,.,,1 =X,.,-1,1
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Now it is also known from section 14.5 that any given device in a row except the final device has PSRc
programmed to 3 more than the device which follows. This leads to the following relationship between the
delays programmed into the first and the last devices of the top row:

:1:,,-1,1 - :I:,,-1,M' +3(M - 1)

By SUbstituting this result into the previous result gives:

:1:",1 = 7M + L - 20

This means that the PSRc of device n, 1 must be programmed with the value which is equal to 7 times the
number of devices cascaded horizontaHy plus the line length minus a fixed constant of 20. This rule may be
extended to cascades containing any number of devices providing that the maximum length of the delay lines
is not exceeded. N.B. the setting of PSRc of the right most device in the first row is arbitrary, but is normally
adjusted to deskew the output image.

For example consider the problem of filtering a 512 pixel wide image with a 9x9 filter kernel. This could be
achieved by cascading six IMS A11 Os into a cascade containing three rows of two devices. Typical delays
which would have to be programmed into the devices are given in table 14.5.

Device 1,1 Device 1,2 Device 2,1 Device 2,2 Device 3,1 Device 3,2
PSRa 519 519 519 519 519 519
PSRb 519 519 519 519 519 519
PSRc 3 0 506 503 506 503

Table 14.5

14.8 Cascading IMS A110s to perform multi pass filtering operations

In addition to being able to cascade IMS A11 Os for increased filter size it is also possible to cascade devices
to perform multi pass filtering operations. For example consider the problem of edge detection in a noisy
image. This task is often performed in two stages the first is low pass filtering to reduce the amount of noise
and the second is the edge detection operation. This complete task may be performed by cascading two
IMS A11 Os as shown in figure 14.7. Note that only an eight bit window of CASout from the first device is
connected to PSRin of the second device.

PSRin

CASin

PSRout

CASout

Figure 14.7 Cascading IMS A11 Os for multi-pass filtering

To configure such a cascade to perform the double filtering operation each device is considered separately
and the delays are setup as described in section 14.2. For the example under consideration the coefficients
of the first device are configured to perform the low pass filter operation while the coefficients of the second
device are configured as an edge detector.
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CASin

PSRout
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Figure 14.8 Multi-pass filtering by using feedback

This technique of multi pass filtering can obviously be extended to include more devices or it may be combined
with the cascading techniques discussed in earlier sections to allow multi pass filtering with larger filter sizes.

It is possible to use a single device for multi pass filtering. This technique works by feeding back alternate
cascade outputs to PSRin, and making use of bank swapping. Figure 14.8 shows the basic setup. The
disadvantages of this method are:

1 The maximum data throughput is halved.

2 The maximum filter size is reduced.

3 External logic is required.
, \,

To setup such a system requires careful programming to achieve the desire(j result. For example consider
the problem of passing the local averaging filter kernel shown below over an image twice.

1 1 1
1 1 1
1 1 1

It may be shown using similar techniques to those presented earlier that the delays to be programmed into
the programmable shift registers a and bare:

2£+7

This value is equal to twice the line length plus the length of the MAC pipelines. N.B. logical reasoning would
have lead to the same result by,considering that the data rate within the device is equal to twice the rate of
the applied image data.

To create the correct filter kernels it is very important that the coefficient registers are programmed correctly.
Each filter is programmed into one of the two coefficient banks, and every odd coefficient must be set to
zero otherwise the two interleaved data streams will corrupt each other. The table below shows how the
coefficients should be programmed for the example under consideration.

a 1 0 1 0 1 0 0
CRO b 1 0 1 0 1 0 0

c 1 0 1 0 1 0 0

a 1 0 1 0 1 0 0
CR1 b 1 0 1 0 1 0 0

c 1 0 1 0 1 0 0
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14.9 Cascading IMS A1108 for Increased data precision

In some high precision applications the 8 bit word length of a single IMS A110 is not sufficient. This section
presents three techniques to overcome this problem. The first two combine IMS A110s with simple external
hardware, the last one requires no external hardware but does place certain restrictions on the coefficients
and the data.

14.9.1 Increasing data precision with an external 22 bit adder

The first technique makes use of an external 22 bit adder in the configuration shown in figure 14.9.

IMS A110

MS 8 Signed Data

16

LS 8 IMS A110

Unsigned Data

Figure 14.9 Cascade of IMS A110s for increased data precision

At the input each 16 bit input value is split into two 8 bit words one containing the least significant 8 bits and
the other containing the most significant 8 bits. Each of these 8 bit data streams is fed into an IMS A110. If
the data is unsigned then both of the devices must be set to unsigned data operation. However, if the data
is signed then in order to correctly process the data and preserve the sign information it is necessary for
the least significant byte to be processed as unsigned data and the most significant byte to be processed as
signed data (see figure 14.9). This may be easily achieved by setting or clearing bit 2 of the SCR register in
each IMS A110 as appropriate. The 22 bit partial results from each device are combined by making use of
a 22 bit adder. This adder forms the sum of the top 14 bits of the least significant partial result and the full
22 bits of the most significant partial result to give the upper 22 bits of the final result. This is combined with
the lower 8 bits of the least significant partial result to give the complete 30 bit result. See figure 14.10 for a
graphical representation of this.

I 14 bits I 8 bits I LS Partial Result
I

I 22 bits I MS Partial Result,
I 30 bits I Final Output

Figure 14.10 Calculation of the final output

This technique may be extended to give data precisions above 16 bits, however, such precisions are rarely
used in practice. Sometimes it may be desired to combine a bigger filter size, as discussed in earlier sections,
with increased precision. Such a system is simple to create and just involves replacing each IMS A11 0 in
figure 14.9 with the appropriate cascade of devices. Similarly multi pass filtering, as discussed in section 14.8,
may be combined with increased precision. This is achieved by selecting a 16 bit window from the output of
the system shown in figure 14.9 and feeding this into the input of another high precision stage.
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14.9.2 Increasing data precision with an external delay line

As an alternative to using an external adder it is possible to make use of the cascade adder built into each
IMS A110 and an external delay line (of length DB) as shown in figure 14.11.

16 MS 8 Device n - 1

22

Device n

PSRout

CASout

'------------' output

Figure 14.11 Alternative cascade if IMS A11 Os for increased data precision

The rules discussed earlier in this section about signed data apply equally to this configuration. This means
that if signed data was being processed then the left and right hand devices in the diagram would have to be
configured for unsigned and signed operation respectively. The one other consideration when increasing the
data precision in this way is the number delays required in the programmable shift registers of'each device.

Obviously the setings of PSRa and PSRb are not affected by the presence of another device and are setup
as described in section 14.2. The setting of PSRc for each device however is important, and incorrect setting
will result in erroneous calculation of the most significant 22 bits of the result.

Assuming that the delay in the PSRc of device n - 1 is Zn-1 and that the delay in PSRc of device n is Zn,

it is desired to calculate the relationship between these delays for correct combination of the partial results.
Consider an item of data when it reaches device n - 1. The delay before the component due to this data,
flowing via the reference path in device n - 1, reaches the cascade adder of device n is:

D n -1 = 1 + (Zn-1 + 1) + 3 + DR + DB

D n -1 =41 +Zn

Similarly the delay before the component due to this data, flowing via the reference path in device n, reaches
the cascade adder of device n is:

Dn = 1 + (zn + 1) +3 + DR

D n = 35+zn

Now for the data to be correctly aligned at the cascade adder of device n the delay along each path must be
the same. Hence:

D n - 1 - D n = 0

41 + Zn-1 - 35 - Zn = 0

Zn =Zn-1 +6

This means that the PSRc of device n must be programmed with the value which is in PSRc of device n - 1
plus a fixed constant of 6.

Obviously this technique of increasing data precision may be extended beyond 16 bits, or may be combined
with other cascading techniques to give larger filter sizes etc.
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14.9.3 Increasing data precision with no external hardware

If the data and coefficients are such that only 22 bits or less are required to represent the result then it is
possible to increase the data precision with no external hardware. The connections required are similar to
those shown in figure 14.11. However, the 6 stage delay must be removed and the full 22 bits of CASout from
the first device must be connected to CASin of the second device. To correctly sum the two contributions of
the result, it is necessary to left shift the MAC output of the second device 8 places to the left. This shift is
easily performed using the shifter in the second device, however, care must be taken to ensure that overflow
does not occur. If such an overflow does occur then it will not be detected.

14.10 Cascading IMS A110s for Increased coefficient precision

Section 14.9 described three different techniques for increasing data precision by cascading IMS A11 Os. In
this section three very similar techniques are presented for increasing coefficient precision.

14.10.1 Increasing coefficient precision with an external 22 bit adder

IMS A110

8 Signed Data

8

8 IMS A110

Unsigned Data

Figure 14.12 Cascade of IMS A11 Os for increased coefficient precision

The first method makes use of an external 22 bit adder as shown in figure 14.12. At the input each 8 bit
value is fed to PSRin of both the IMS A11 Os. The device at the top of the diagram is programmed with the
least significant 8 bits of the coefficients and the device at the bottom is programmed with the most significant
8 bits of the coefficients. If the coefficients are unsigned then both of the devices must be set to unsigned
coefficient operation. However, if the coefficients are signed then in order to correctly process the data and
preserve the sign information it is necessary for unsigned and signed coefficient operation to be set in the
top and bottom devices respectively (see figure 14.12). This may be easily achieved by setting or clearing
bit 3 of the SCR register in each IMS A110 as appropriate. The 22 bit partial results are then combined in
exactly the same fashion as described in section 14.9.

\

As discussed for increased data precision this technique may be extended to more than 16 bits of accuracy
if required, or may be adapted to make use of increased filter sizes etc. For very high precision systems
increased coefficient and data precision may be combined to give very accurate results.

14.10.2 Increasing coefficient precision with an external delay line

The second method makes use of a delay line in a very similar configuration to that discussed in the previous
section. A diagram showing the setup may be seen in figure 14.13.

The rules discussed earlier in this section about signed coefficients still apply in this configuration. Hence
if signed coefficients are required then the left and right hand devices in the diagram have to be configured
for unsigned and signed coefficient operation respectively. The calculation of the setting of PSRc for each
device may be calculated in the same manner as described in the previous section. When the calculation is
performed the following relationship is developed:

Xn =Xn -1 +4

This means that the PSRc of device n must be programmed with the value which is in PSRc of device n - 1
plus a fixed constant of 4.
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Figure 14.13 Alternative cascade if IMS A11 Os for increased coefficient precision

Obviously this technique may be extended for more precision or adapted using information presented in
earlier sections to give increased filter size, multi pass filtering etc.

14.10.3 Increasing coefficient precision with no external hardware

It was discussed in section 14.9 how to achieve increased data precision without using any external hardware.
Since exactly the same technique may be applied to give increased coefficient precision duplicate details are
not given here.

14.11 Summary

This document has attempted to describe some of the many ways in which IMS A11 Os may be cascaded to
yield even higher performance. Obviously it has not been possible to discuss every possible configuration
but hopefully the examples discussed should have provided both an insight into the extensive capabilities of
these devices when cascaded, and some simple rules to allow easy setting up of some of the most common
forms of cascades.
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15.1 Introduction

The IMS A110 consists of a high performance configurable array of multiply-accumulators (420 MOPs). three
programmable length 1120 stage shift registers and a versatile backend post processing unit. All these
features are controlled from a microprocessor interface. The comprehensive on-chip facilities ensure that
a single device is capable of dealing with many tasks commonly found in the fields of signal and image
processing.

The backend post processing unit gives the IMS A110 a high degree of flexiblility. especially for image pro­
cessing applications. This document describes by example some of the uses of the backend post processor.

Unless specified otherwise all the examples considered will be based around image processing applications
with 8 bits per pixel being used to represent the image data.

15.2 Description of the backend post processor

Figure 15.1 shows the functional blocks and interconnections which are present within the backend post
processor of the IMS A110. This diagram can be broken down into 4 main sections. the input block, statistics
monitior. data conditioning unit and output block. A brief description of each of these major sections is given
below. for full details reference should be made to the data sheet.

15.2.1 Input block (shitter, cascade adder and rectifier)

Data from the MAC array encounters the shifter when it enters the input block. The shifter is capable of up
to 8 arithmetic shifts in either direction. When shifting left it is possible for an overflow to occur. Such an
overflow is not detected by the device. hence it is left to the user to ensure that unintentional overflows do
not occur. When shifting right rounding is applied to improve the accuracy of the device. The magnitude and
direction of the shift are controlled by BCRO[5..1] as described in the data sheet.

The output data from the shifter is fed into the cascade adder. Here it is added to both the rounding bit
generated by the shifter and the data applied to either the cascade input bus or zero depending on the setting
of BCRO[O]. Should the result of the 22 bit signed addition be greater than 221 - 1 then a positive overflow is
generated. Similarly if the result is less than _222 a negative overflow is generated.

The output from the cascade adder can be optionally full or half wave rectified depending on the setting of
BCRO[7..6]. The output of the rectifier drives the X bus. Note that when full wave rectification is being used
and the output of the cascade adder is _221 then the output from the rectifier remains as _221.

15.2.2 Statistics monitor

The statistics monitior allows the X bus to be monitored for certain conditions. Four different modes of
operation are possible and these are tabulated below:

Mode BCR1[1] BCR1[O]
Max Register 0 1
Min Register 0 0
Overshoot Counter 1 1
Undershoot Counter 1 0

When configured to be in max register mode and the X bus exceeds the current threshold in the MMR (maxlmin
register). then the MMR is loaded with the value on the X bus and the counter (OUe) is incremented. If the
threshold is not exceeded then no action is taken. Thus assuming the MMR was initially set to _221 its value
at some later time is the maximum value which has appeared on the X bus in that period, and the OUC has
been incremented by the number of times the threshold has been updated.
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If configured to be in min register mode the threshold is updated and the counter incremented whenever the
X bus is less than the current threshold. Note that when operating in max/min register mode if a positive or
negative overflow occurs then the threshold is not updated since this could leave a misleading value in the
MMA.

As an overshoot counter the statistics monitor operates by incrementing the OUC every time the value on the
X bus exceeds the threshold in the MMA or if a positive overflow occurs. The OUC is unsigned and will not
wrap around, thus behaving as a saturating counter. Similarly when configured to be in undershoot counter
mode the OUC is incremented every time the value on the X bus is less than the current threshold.

When overflows occur this is recorded in bits 22 and 23 of the MMA. Positive overflows cause bit 22 to be
set while negative overflows cause bit 23 to be set. These bits may be cleared by writing to the MMB copy
location.

Direct access to the MMA and OUC via the microprocessor interface is not possible. Instead the reading
and writing of these registers is performed by making use of the MMB, CMM, OUB and COU registers. Full
details may be found in the data sheet.

15.2.3 Data conditioning unit (data transformation unit and data normaliser)

Data transformation unit

The data transformation unit contains a prescaler, an under/over select detector, a look up table and a byte
selector. It may be used on its own to provide arbitrary data mappings of an 8 bit segment of the X bus, or
in conjunction with the data normaliser to implement sophisticated dynamic range compression functions.

The prescaler allows an 8 bit field to be selected from anywhere within the 22 bits of the X bus. This 8 bit
field is used as an address to the LUT. The over/under select detector monitors the operaton of the prescaler
to ensure that all the significant bits and the sign of the X bus are included within the 8 bit field. If this is not
the case then an overselect or underselect signal is generated depending on whether the X bus is positive
or negative respectively.

The LUT consists of sixty four 32 bit words. In addition there are a further two 32 bit locations known as the
upper and lower saturation registers (USA, LSA). The most significant 6 bits of the address field are used to
select one of the 32 bit registers in the LUT. This 32 bit output is known as the Y bus. The least significant
2 bits of the address field are then used to control a byte select on the output. Thus the LUT may be used
to provide arbitrary 8bit - 8bit data transformations.

Positive overflows on the X bus or overselects in the prescaler cause the LUT to access the USR overriding
the address supplied by the prescaler. Similarly negative overflows and underselects cause the LUT to
access the LSA. When such conditions occur the byte select control is also overridden thus causing the most
significant byte (byte 3) of the appropriate saturation register to appear on the byte wide output of the data
transformation unit.

The LUT is programmed via the memory interface. The addressing for the LUT corresponds directly to the
8 bit field, assuming that the byte selector is being used. To enable access to the LUT, USA and LSA from
the microprocessor interface the LUT access control bit ACA[1] must be set to zero. This forces the Y bus
to zero and causes the normaliser to be controlled by BCA3[7..3] regardless of the setting of the dynamic
normalisation bit. Once the LUT has been programmed the LUT access control bit may be reset to one thus
allowing the LUT to be used in the data transformation unit.

Data norrnaliser

The data normaliser contains a shifter followed by a zero data unit. The shifter is capable of right shifts of
up to 14 bits and left shifts of up to 2 bits. Any amount of shift outside this range invokes the zero data unit
which zeros the output of the data normaliser. The amount of shift is specified by one of two 5 bit sources.
These are either BCA3[7..3] or bits 26 to 22 of the Y bus. The source currently selected is determined by
the setting of BCA3[2].
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15.2.4 Output unit (output adder and output multiplexers)

Output adder

The output adder takes one of its inputs from the data normaliser (including the rounding bit). The other input
is either the least significant 22 bits of the Y bus or zero depending on the setting of BCR3[1]

Output multiplexers

The output multiplexers allow the selected byte from the LUT to be optionally selected to drive either the most
or least significant 8 bits of the cascade output pins. This feature is controlled by the setting of BCR2[5..6].
Any cascade output pins not being driven by the selected byte are driven by the appropriate bits of the output
adder.

15.3 Uses of the backend post processor

15.3.1 Local area averaging

Local averaging is the one of the simplest image filtering operations. A typical local averaging filter may be
seen in figure 15.2. Although this filter looks very simple to implement on IMS A11 Os there is one slight
problem and that is how to achieve the divide by nine operation. The operation is necessary to ensure that
the output image data requires the same number of bits to represent it as the input data.

1
9

1 1 1

1 1 1

1 1 1

Figure 15.2 Local averaging filter kernel

The IMS A110 is capable of dividing by integer powers of two. Using this capability the i could be replaced
with ~. Although this would adequately restrict the magnitude of the output data a significant loss of dynamic
range could occur. A better solution is to generate an approximation to 1in the form shown below. Where %

represents the coefficient and y the number of right shifts applied:

% 1
211 ~ 9

It may be simply shown that the closest approximation which may be used with IMS A11 Os is:

%=57

y=9
By using these values the local averaging kernel to be programmed into the IMS A110 is as shown below:

57 57 57

57 57 57

57 57 57

Figure 15.3 Modified local averaging filter kernel

The division by 29 can't be performed by the shifter in the input block since it is only capable of right shifting
up to 8 places. The shifter in the normaliser however is capable of right shifting the required nine places.
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To configure an IMS A110 so that it performs the local averaging operation used in the above example the
following values would have to be programmed into the coefficient and control registers:

Coeff Register 0 1 2 3 4 5 6
CROa 57 57 57 0 0 0 0
CROb 57 57 57 0 0 0 0
CROC 57 57 57 0 0 0 0

Registers Data msb .. Isb
SCR 0 0 x 1 1 1 x 0
ACR 0 0 0 0 0 0 x 0
BCRO x x 0 0 0 0 0 1
BCR1 0 0 0 0 0 0 x x
BCR2 0 0 0 x x x x x
BCR3 0 1 0 0 1 0 0 0

x - indicates don't care.

Exactly the same technique may be applied to other filter kernels which require an awkward division. For
example the edge enhancement operation shown in figure 15.4 requires a division by 5 operation. A modified
version of the kernel which may be easily implemented is shown below.

1
5

0 -1 0

-1 5 -1

0 -1 0

Figure 15.4 Edge enhancement filter kernel

0 -13 0

-13 64 -13

0 -13 0

Figure 15.5 Modified edge enhancement filter kernel

15.3.2 Histogram equalization

Histogram equalization is one example of the wider field of histogram modification [1]. All such operations
manipulate the grey levels within an image to generate a new image with a modified grey level histogram.
The histogram equalization technique attempts to manipulate the grey levels within an image so that an even
spread is obtained across the entire range of intensities. Details of the technique are widely available in the
technical press [1] so an in depth discussion will not be provided here.

There are two distinct stages in performing a histogram equalization the second of which IMS A11 Os are
capable of performing. The first stage is the calculation of the transfer function which maps the original image



15 The IMS A110 backend post processor 267

onto the histogram equalized image. The main computational cost involved in this stage is the determination
of the original histogram. The second stage requires the implementation of the transfer function to map the
grey levels in the input image to the equalized grey levels in the output image.

The transfer function is implemented by making use of the arbitrary 8bit-8bit mapping ability of the LUT present
within the IMS A11 a. The offset of each location in the LUT may be regarded as one of the original grey
levels and the value programmed into that location is the transformed grey level after equalization.

For example suppose that it was desired to use an IMS A11 a to perform a histogram equalization on 8 bit
image data applied to the cascade input port with the MAC coefficients programmed to zero. The table below
shows the values which would have to be programmed into the main control registers. The output data would
appear on the lower 8 bits of the cascade output port.

Register Data msb .. Isb
SCR a a x 1 x x x x
ACR a a a a a a A x
BCRa x x x x x x x a
BCR1 a a a a a a x x
BCR2 a 1 a a a a a a
BCR3 1 a () a a a a a
LUTn 0 0 0 0 0 0 0 0

x - Indicates don't care.

A - Set to a to program LUT, set to 1 to allow IMS A11a LUT access.

0- Program with the mapping n => 0[7..0].

By modifying the transfer function programmed into the LUT many other operations are possible including
thresholding and image contouring which are described in sections 15.3.3 and 15.3.7 respectively.

15.3.3 Edge detection and enhancement

Edge detection

Edge detection is a very important image processing operation since it is often the first stage in feature
recognition. For example consider the vertical line detector shown in figure 15.6. This filter is actually the
y component of the Sobel operator. The output (H(x, y)) from the filter when convolved with an image is a
measure of the change of intensity in the y direction at each point.

-1 -2 -1

a a 0

1 2 1

Figure 15.6 Y component of the SObel operator

The output at any given point may be positive or negative depending on the direction of the intensity gradient
vector at that location. Often when using such a filter to detect vertical edges only the magnitude of the
gradient vector is of interest (Le. its direction is irrelevant). The results may be modified to simply indicate
the magnitude by processing the output as shown below.

F[x, y] = IH(x, y)1
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The modulus operation is an ideal example of the use of full wave rectification. The tables below show the
configuration of the coefficient and control registers necessary to calculate IH(z, y)l.

Coeff Register 0 1 2 3 4 5 6
CROa -1 -2 -1 0 0 0 0
CROb 0 0 0 0 0 0 0
CROc 1 2 1 0 0 0 0

Registers Data msb .. Isb
SCR 0 0 x 1 0 1 x 0
ACR 0 0 0 0 0 0 0 0
BCRO 1 0 0 0 0 1 0 1
BCR1 0 0 0 0 0 0 x x
BCR2 0 0 0 x x x x x
BCR3 0 0 0 0 0 0 0 0

x - Indicates don't care.

Typically once an edge detection operator has been convolved with an image it is necessary to make some
sort of decision based on the magnitude as to whether an edge exists at each point of the output. The method
usually used is known as thresholding [1 l.

The threshold operation involves mapping all points with a grey level greater than a given threshold to
one value (typically 255), and all other points to another value (typically 0). The lookup table as described in
section 15.3.2 provides the ability to perform just such an arbitrary mapping. By modifying the control registers
presented above it is possible to do not only the edge detection operation and the full wave rectification, but
also to apply an arbitrary threshold all within a single device. The updated table of control registers is shown
below:

Registers Data msb .. Isb
SCR 0 0 x 1 0 1 x 0
ACR 0 0 0 0 0 0 A 0
BCRO 1 0 0 0 0 1 0 1
BCR1 0 0 0 0 0 0 x x
BCR2 0 1 0 0 0 0 0 0
BCR3 1 0 0 0 0 0 0 0
LUT n D D D D D D D D

x - Indicates don't care.

A - Set to 0 to program LUT, set to 1 to allow IMS A11 0 LUT access.

D - Set to 0 for n less than or equal to the threshold, set to 1 otherwise.

Edge enhancement

Edge enhancement is often applied to images to either counteract blurring or to produce a sharper looking
image which is sometimes aesthetically more pleasing. One filter kernel which gives an edge enhancement
may be seen in figure 15.5. When this filter is convolved with an image it is possible to generate not only valid
positive image data but also negative values under some circumstances. One solution would be to apply full
wave rectification to the result however it is generally more acceptable if half wave rectification is applied.

To implement such a filter on an IMS A110 the coefficient and control registers would have to be set up as
shown in the following tables.
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Coeff Register 0 1 2 3 4 5 6
CROa 0 -13 0 0 0 0 0
CROb -13 64 -13 0 0 0 0
CROc 0 -13 0 0 0 0 0

Registers Data msb .. Isb
SCR 0 0 x 1 0 1 x 0
ACR 0 0 0 0 0 0 0 0
SCRO 0 1 0 0 1 1 0 1
BCR1 0 0 0 0 0 0 x x
BCR2 0 0 0 x x x x x
BCR3 0 0 0 0 0 0 0 0

x - Indicates don't care.
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15.3.4 Feature recognition

By using the statistics monitor it is possible to get the IMS A110 to see if a given pattern was present within
an image. To enable this process to take place a number of things have to be done:

• The MAC coefficients must be configured as a pattern detector for the pattern which is being searched
for. If the pattern is large a number of devices can be cascaded [2] to achieve the required window
size.

• The statistics monitor must be configured so that it is in max register mode.

• The MMR must be programmed with _221 at the start of the search period (typically at the start of
a frame).

As one or more images are processed the MMR register is continually updated to indicate the highest MAC
output which has occured so far. When the pattern detector encounters the pattern that it is designed to
search for the MAC output should generate a very large output which exceeds a given threshold. This output
will be recorded in the MMR. By examining the MMR at the end of the search period (typically at the end
of the frame) it is possible to see if the threshold has been exceeded. If this is the case then it is possible
to say that the pattern probably occurred somewhere within the data that was processed. The setting of the
threshold to achieve reliable operation requires system teaching using known sets of data.

In a similar fashion it is possible to perform feature recognition with the statistics monitor configured as an
overshoot counter. In this mode of operation the detection of the desired pattern is indicated by an increase
in the value of the DUC (care must be taken to ensure that it does not saturate). The method of setting the
threshold at which the overshoot counter is incremented is identical to the description given in the previous
paragraph. At first sight it may appear that this method enables the number of occurences of a given pattern
to be counted. Unfortunately this is unlikely to be the case for the following reason. .

When the pattern being searched for is encountered it is possible for the DUC to be incremented more than
once. This is caused by a combination of uncertainty about the pattern and the properties of pattern detectors
as decribed below:

• In a typical pattern matching application the pattern is rarely perfect. Degradations from the ideal
may be caused by additive noise, distortion of the object, changing lighting conditions etc. To take
this into account the threshold is normally set to a value which is low enough to increment the DUC
for all likely occurences of the pattern.

• Due to the nature of pattern detectors a large output is not only generated when the detector is
coincident with the pattern but quite large outputs can also be generated when it is just off centre.

The combination of these two problems means that each occurence of the pattern could increment the
OUC one or more times thus damaging any indication the change in DUC could give about the number of
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occurences of a pattern.

15.3.5 Changing conditions compensation

The front end of many automated image processing systems will experience slowly changing input conditions.
These may occur due to changing light levels, drifting component tolerances etc. The indusion of the max/min
register modes of the statistics monitor allows the system to automatically compensate for these changes.
For example consider a system which uses daylight to illuminate the field of view. As the day proceeds the
output from the camera will change. By spending periods of time monitoring both the maximum and minimum
levels in the data stream it is possible to adapt the system to take these changes into account.

15.3.6 Binary Image processing

A binary image is one which contains only two grey levels. Typically a binary image is the result of a
thresholding operation as described in section 15.3.3. By making use of the MAC and the backend it is
possible to implement a wide variety of different operations some of which are summarised below:

• Isolated pixel removal - removal of all pixels which have no identical neighbour.

• Line linking - bridging of small gaps between pixels.

• Encoding according to connectivity - coding of pixels depending on their connectivity with respect
to surrounding pixels.

• Binary thinning including staircase elimination - [3] [4] [5] [6] [7]

• Feature growth - opposite of the above.

• Conway's game of life - the oldest computer game known to man.

Po

Figure 15.7 A pixel and its 8 closest neighbours

As an example of the techniques involved isolated pixel removal will be examined in more detail. Consider a
pixel with its 8 surrounding neighbours as shown in figure 15.7. It is assumed that active and inactive pixels
are represented by 1 and 0 respectively.
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If the central pixel is in the opposite state to all its surrounding neighbours then the value of the central pixel
must be toggled. In order to perform the transformation it is necessary to develop a filter kernel which will
give a unique output for each of these two condition. One such kernel is shown in figure 15.8 below:

1 1 1

1 9 1

1 1 1

Figure 15.8 Filter kernel for isolated pixel removal

By programming the MAC with this kernel the outputs generated when the binary image is applied will range
from 0 to 17 inclusive. The two particular cases of special interest are 8 and 9 which correspond to a 0
surrounded by 1s and a 1 surrounded by Os respectively.

To convert from the output of the MAC to a binary image in the original format use may be made of the LUT.
The complete mapping for the LUT and the setting of the main control registers for this example are tabulated
below:

Coeff Register 0 1 2 3 4 5 6
CROa 1 1 1 0 0 0 0
CROb 1 9 1 0 0 0 0
CROc 1 1 1 0 0 0 0

Registers Data msb .. Isb
SCR 0 0 x 1 1 1 x 0
ACR 0 0 0 0 0 0 A 0
BCRO x x 0 0 0 0 0 1
BCR1 0 0 0 0 0 0 x x
BCR2 0 1 0 0 0 0 0 0
BCR3 1 0 0 0 0 0 0 0
LUT 0-7 0 0 0 0 0 0 0 0
LUT8 0 0 0 0 0 0 0 1
LUT9 0 0 0 0 0 0 0 0
LUT 10-17 0 0 0 0 0 0 0 1

x - Indicates don't care.

A - Set to 0 to program LUT, set to 1 to allow IMS A110 LUT access.

15.3.7 Multilevel thresholding - image contouring

Often it is desired to highlight a number of areas within a single image. Providing that each of the areas
occupies a different region of the grey scale then this can be achieved by multi level thresholding (sometimes
known as image contouring). Typically such a technique is often used in medical work. For example consider
an X-Ray taken of a patient which may well contain three very distinct regions:

• Clear regions: representing bone.

• Intermediate regions: representing major body organs.

• Dark regions: representing regions where the X-Rays met little resistance.
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By using the LUT to provide arbitrary 8bit-8bit data mappings as descibed in sections 15.3.2 and 15.3.3 it is
possible to assign each of these three regions a separate value. As a further enhancement external hardware
could be used to colour each of the three regions. Such colouring can greatly simplify the comprehension of
some types of image.

15.3.8 Dynamic range compression

Consider image data which requires 12 bits to represent each pixel. If it is desired to display such an image
on a system which uses only 8 bits per pixel then some form of range compression is required. One solution
is to discard the lower 4 bits of each pixel. This would leave the 8 most significant bits for display. If however,
the image was dark the lower 4 bits would contain a large proportion of the image data. To throwaway the
lower 4 bits in such a situation would almost certainly be unacceptable. A better solution in this case would
be to use the nonlinear tranformation shown in figure 15.9. Using this transformation values between 0 and
63 are unchanged; values between 64 and 1023 are mapped into the range 64 to 183 and values between
256 and 4095 are mapped into the range 184 to 232.
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Figure 15.9 Typical dynamic range compression function

The IMS A110 is capable of performing just such a nonlinear transformation by making use of both the data
transformation unit and the data normaliser. The mode of operation which is required is known as dynamic
normalisation, this is selected by setting BCR3[2] (enable dynamic normalisation). In this mode the prescaler
selects a 6-bit field anywhere within the X bus. This is used as an address to the LUT. Bits 22 to 26 of the
output of the LUT are used to control the normaliser block so that the input to the normaliser is dynamically
scaled. The output of the normaliser is then added, in the output adder, to the least significant 22 bits of the
output of the LUT.

The operation can be viewed as:
output = (input x scale) + offset

where the scale is provided by bits 22 to 26 and the offset is provided by bits 0 to 21 of the LUT.

To define the transformation function shown in figure 15.9 it is necessary to carefully calculate the values to
be placed in the LUT. The first stage in this calculation is deciding which slice of the X bus the prescaler is
going to select. In this example it will be set so that bits 4 through to 11 are selected. This means that bits
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6 to 11 are used as the address for the lookup table. Bearing this in mind it may be seen that in the first
segment of the transfer function the LUT address is zero. Since in this segment the scale is 1 (0 right shifts)
and the offset is 0 the following four bytes of data must be programmed into the first 32 bit location of the
LUT.

The second segment of the transfer function occurs between LUT addresses 1 to 15. In this segment the
gradient is i (3 Right shifts). To ensure that the first and second segment line up correctly it is important to
set the offset of the second segment to the correct value. It may be easily shown that in this case the offset
is 56. Thus the data to be programmed into the 15 LUT locations from addresses 1 to 15 is:

BYTE 3 BYTE 2 BYTE 1 BYTE 0
LUT 1 00 CO 00 38
LUTn 00 CO 00 38
LUT 15 00 CO 00 38

In exactly the same manner the LUT data for the third and final segment of the transfer function may be
shown to be:

BYTE 3 BYTE 2 BYTE 1 BYTE 0
LUT 16 01 80 00 A8
LUT n 01 80 00 A8
LUT63 01 80 00 A8

The settings of the other main control registers to perform the example transform on data applied to the
cascade input port are:

Coeff Register 0 1 2 3 4 5 6
CROa 0 0 0 0 0 0 0
CROb 0 0 0 0 0 0 0
CROc 0 0 0 0 0 0 0

Registers Data msb .. Isb
SCR 0 0 x x x x x 0
ACR 0 0 0 0 0 0 A 0
BCRO x x x x x x x 0
BCR1 0 0 0 0 0 0 x x
BCR2 0 0 0 0 0 1 0 0
BCR3 x x x x x 1 1 0

x - indicates don't care.

A - Set to 0 to program the LUT, set to 1 to allow IMS A11 0 LUT access.

15.4 Summary

This document has attempted to describe by example some of the many ways in which the backend post
processor of the IMS A110 may be used. It has only been possible to scratch the surface of a handful of
applications but hopefully the examples discussed should have provided an insight into both the flexibility and
capability of this section of the device.
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The INMOS quality programme is set up to be attentive to every phase of the semiconductor product life
cycle. This includes specific programmes in each of the following areas:

• Total Quality Control (TQC)

• Quality and Reliability in Design

• Document Control

• New Product Qualification

• Product Monitoring Programme

• Production Testing and Quality Monitoring Procedure

A.1 Total quality control (TQe) and reliability programme

Our objective to continuously build improved quality and reliability into every INMOS part has resulted in a
comprehensive Quality/Reliability Programme of which we are proud. This programme demonstrates INMOS'
serious commitment to supporting the quality and reliability needs of the electronics marketplace.

INMOS is systematically shifting away from a traditional screening approach to quality control and towards
one of building in Experimental Design quality through Statistical Process Control (SPC). This new direction
was initiated with a vigorous programme of education and scientific method training.

In the first year of the programme approximately 80 INMOS employees worldwide received thorough SPC
training. This training has been extended to cover advanced SPC and experimental design. Some of the
courses taught are listed below:

• Experimental Design Techniques

• Statistical Process Control Methods

• Quality Concepts

• Problem Solving Techniques

• Statistical Software Analysis Techniques

Today INMOS utilizes experimental design techniques and process control/monitoring throughout its devel­
opment and manufacturing cycles. The following TQC tools are currently supported by extensive databases
and analysis software.

1. Pareto charts 6. Correlation Plots
2. Cause/Effect Diagrams 7. Control Charts
3. Process Flow Charts 8. Experimental Design
4. Run Charts 9. Process Capability Studies
5. Histograms

A.2 Quality and reliability in design

The INMOS quality programme begins with the design of new INMOS products. The following procedures
are examples from the INMOS programme to design quality and reliability into every product.

Innovative design techniques are employed to achieve prodUct performance using, whenever possible, state
of the art techniques. For example, INMOS uses 300 nm gate oxides on its high performance graphics,
SRAM and MICRO products to obtain the reliability inherent in the thicker gate oxide. In addition, circuit
design engineers work hand in hand with process engineers to optimise the design for the process and the
process for the product family. The result is a highly reliable design implemented in a process technology
achievable within manufacturing.
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INMOS products are designed to have parametric margins beyond the product target specifications. The
design performance is verified using simulations of circuit performance over voltage and temperature values
beyond those of specified product operation, including verification beyond the military performance range. In
addition, the device models are chosen to ensure tolerance to wide variations in process parameters beyond
those expected in manufacture.

The design process includes consideration of quality issues such as signal levels available for sensing, reduc­
tion of internal noise levels, stored data integrity and testability of all device functions. Electro-static damage
protection techniques are included in the design with input protection goals of 2K volts for MIL-STD-883 test­
ing methods. Specific customer requirements can be met by matching their detailed specifications against
INMOS designed in margins.

The completion of the design includes the use of INMOS computer aided design software to fully check and
verify the design and layout. This improves quality as well as ensuring the timely introduction of new products.

A.3 Document control

The Document Control Department maintains control over all manufacturing specifications, lot travellers,
procurement specifications and drawings, reticle tapes and test programmes. New specifications and changes
are subject to approval by the Engineering and Manufacturing managers or their delegates. Change is
rigorously controlled through an Engineering Change Notice procedure, and QA department managers screen
and approve all such changes.

An extensive archiving system ensures that the history of any Change Notice is readily available.

Document Control also has responsibility for controlling in-line documentation in all manufacturing areas which
includes distribution of specifications, control of changes and liaison with production control and manufacturing
in introducing changed procedures into the line.

Extensive use is made of computer systems to control documentation on an international basis.

A.4 New product qualification

INMOS performs a thorough internal product qualification prior to the delivery of any new product, other than
engineering samples of prototypes to customers.

Care is taken to select a representative sample from the final prototype material. This typically consists of
three different production lots. Testing is then done to assure the initial product reliability levels are achieved.
Product qualifications are done in accordance with MIL-STD-883, methods 5004 and 5005, or CECC/BS9000.

The initial INMOS qualification data, and the ongoing monitor data can be very useful in the user qualification
decision process. INMOS also has a very successful history of performing customer qualification testing
in-house and performing joint qualification programmes with customers. INMOS remains committed to joint
customer/vendor programmes.

A.5 Product monitoring programme

At the levels of quality and reliability performance required today (Iow PPM and FIT levels), it is essential that
a large statistically significant, current product database be maintained. One of the programmes that INMOS
uses to accomplish this is the Product Monitoring Programme (PMP).

The PMP is a comprehensive ongoing programme of reliability testing. A small sample is pulled from pro­
duction lots of a particular part type. This population is then used to create the specific samples to put on
the various operating and environmental tests. Tests run in this programme include extended temperature
operating life, THB and temperature cycle. Efforts are continuing to identify and correlate more accelerated
tests to be used in the PMP.



278

A.6 Production testing and quality monitoring procedure

A.6.1 Reliability testing

INMOS' primary reliability test method is to bias devices at their maximum rated operating power supply level
in a 140° C ambient temperature. A scheme of time varying input signals is used to simulate the complete
functional operation of the device. The failure rate is then computed from the results of the operating life
test using Arrhenius modelling for each specific failure mechanism known. The failure rate is reported at a
temperature that is a typical worst case application environment and is expressed in units of FITs where 1
FIT - 1 Fail in 10E9 device hours, (100 FIT = 0.01 °/011000 Hrs). The current database enables the failure
rate to be valid over various environmental conditions.

The failure rate goal for INMOS products is 100 FITs or less at product introduction with a 50 FIT level to be
attained within one year.

For plastic packaged prOduct, additional testing methods and reliability indices become important. Humidity
testing is used to evaluate the relative hermeticity of the package, and thermal cycling tests are used principally
to evaluate the durability of the assembly (e.g. die/bond attaCh).

The Humidity Test comprises of temperature, humidity, bias (THB) at 85°C, 85% Relative Humidity, and a
5V static bias configuration selected to maintain the component in a state of minimum power dissipation and
enhance the formation of galvanic corrosion. INMOS reliability goals have always been to meet or better
the current 'industry standards' and a target of less than 1% failures through 1000 hours of THB at 900k
confidence has been set.

The Thermal Cycling tests are performed from -65°C to + 150°C for 500-1000 cycles, with no bias applied.
Thermal Shock tests using a liqUid to liquid (Freon) method are cycled between -55°C and + 125°C.
The INMOS Reliability qualification and monitoring goal for the above tests is less than 1% failures at 900k
confidence.

A.6.2 Production testing

Electrical testing at INMOS begins while the devices are still in wafer form before being divided into individual
die. While in this form, two different types of electrical test are performed.

The Parametric Probe test is to verify that the individual component parameters are within their design limits.
This is accomplished by testing special components on the wafer. The results of these tests provide feedback
to our wafer fab manufacturing facilities which allows them to ensure that the components used in the actual
devices perform within their design limits. This testing is performed on all lots which are processed, and any
substandard wafers discarded. These components are placed in the scribe streets of the wafer so they are
destroyed in the dicing operation when they are not of any further use. By placing them there, valuable chip
real estate is saved, thereby holding down cost while still providing the necessary data.

The Electrical Probe test performed on all wafers is the test of each individual circuit or chip on every wafer.
The defective dice are identified so they may be later discarded after the wafer has been separated into
individual die. This test fUlly exercises the circuits for all AC and DC datasheet parameters in addition to
verifying functionality.

After the dice have been assembled into packages they are again tested in our Final Test operation. In a
mature product the typical flow is:

• Preburn-in test

• Burn-in at 140°C

• Final test

• PDA (Percent Defect Allowed)

• Device Symbolisation

• QA Final Acceptance



A Quality and Reliability 279

The temperature setting used for hot testing is selected so that the junction temperature is the same as it
would be after thermal stabilisation occurred in the specified environment. This is calculated using the hot
temperature power dissipation along with the thermal resistance of the package used. All INMOS product is
electrically tested and burned-in prior to shipment. Historically, the industry has selected burn-in times using
the MIL Standards as a guide (when the market would support the cost) or on a 'best guess' basis dominated
by cost considerations. Whereas INMOS invoke a burn-in reduction exercise to ensure the reduced time has
no reliability impact.

A.6.3 Quality monitoring procedure

In the Outgoing Quality Monitoring programme, random samples are pulled from lots, that have been suc­
cessfUlly tested to data sheet criteria. Rejected lots are 100% retested and more importantly, failures are
analysed and corrective actions identified to prevent the recurrence of specific problems.

The extensive series of electrical tests with the associated Burn-in PDA limits and Quality Assurance tests
ensure we will be able to continue to improve our high quality and reliability standards.
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INMOS MIL-STD-883C/MIL-I-45208

MATERIAL PROCUREMENT & PRODUCT FLOW

INMOS
NEWPORT

U.K.

OFFSHORE
ASSEMBLY

INMOS
COL. SPGS.

USA

Wafer Fab Mat'l Procurement [2]

Wafer Fab Process [2]

Wafer Level Elect. Test [2]

Internal Visual QA Sample [2]

Assembly Mat'l Procurement

Assembly Mat'l QA Inspect

Assembly Process [1]

Electrical Testing

Burn-in

[Solder Dip] [3]

QCI Group A,B

QCI Group C,D

Certificate of Conformance

[CSI, GSI, PVT] [4]

[5] [6]

Notes:

[1] Anam, Korea or GTE, Taiwan

[2] Newport Fab. Product:
All NMOS, CMOS SRAM
All Transputer
All G17x (CLUT)

[3] Hot Solder Dip as req'd at
Colo. Spgs. Subcontractor

[4] As required by Customer

[5] 600 mil Package Parts,
All MICRO & G17x Parts

[6] 300 mil DIP, LCC & FLAT PACK
SRAM Parts

V Raw Material Procurement

o Manufacturing Process

D QAGate




