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1
SYSTEM FOR SWITCHING BETWEEN
BUFFERS WHEN RECEIVING BURSTY
AUDIO BY COMPUTING LOOP JUMP
INDICATOR PLUS LOOP START ADDRESS
FOR READ OPERATIONS IN SELECTED
BUFFER

BACKGROUND OF THE INVENTION

The present invention relates to buffering audio data from
a bursty source and reading out the buffered audio data for
playback.

The technique of “double buffering” is a well known
technique for receiving digital audio data from a bursty
source. Initially, audio data words are received in sequence,
and placed in successive locations in a first buffer memory.
When this first buffer is full, subsequent data words are
placed in successive locations in a second buffer memory.
While the first buffer memory is being processed, the second
buffer memory can be filled, and the data in the first buffer
remains unchanged during processing. Similarly, when the
processing proceeds to the second buffer, subsequent data
words received are placed in successive locations of the first
memory, over-writing the previous values. During this
re-filling of the first buffer memory, the contents of the
second buffer memory remain unchanged during processing.
This back and forth processing is also sometimes called
“ping-pong” buffering.

The technique of playing back continuous loops of audio
from a memory loaded with audio data by a CPU is also well
known, and is a common element of “wavetable” music
synthesizers. It such synthesizers, digital audio data words
are stored by the CPU in a memory. When this audio data is
played back, two data word locations in memory are des-
ignated as the “start” and “loop” point in the memory. While
looping, when the location in memory immediately preced-
ing the loop point is played back, the playback then skips
back to play the start point, which is prior to the loop point
in memory. Thus the sound between the start and loop points
is repeated. This typically occurs for the duration that a
musician depresses the synthesizer keyboard key designat-
ing that sound.

The algorithm by which looping is performed is generally
described as follows: For each output sample, the playback
address (which has both an integer and a fractional part) is
increased by the phase increment (which also has an integer
and fractional part). The value of the phase increment
determines the playback pitch and playback sample rate of
the sound. If the phase increment is exactly one, the sound
is played back at its original pitch and sample rate, and
output samples are played back in sequence. When looping
is active, then after the phase increment is added to the
playback address, the resulting sum is compared to the loop
address. If the resulting sum is equal to or greater than the
loop address, then the loop address is subtracted from the
resulting sum and the start address is added to the result of
that subtraction to form the new playback address. If the
comparison indicates that the resulting sum is less than the
loop address, then the resulting sum (which is the old
playback address plus the phase increment) becomes then
new playback address. This algorithm is repeated for suc-
cessive samples. FIG. 1 depicts such a loop 100 which
begins at a loop start address (LSA) 102 and ends at a loop
end address (LEA) 104. A current address (CA) 106 and a
next current address (CA') 108 are separated by a phase
increment (PI) 110.

This algorithm is implemented simply in hardware by
utilizing a single register with an enable, and an adder with
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a carry input and a carry output. The register contains the
playback address. In a first step, the adder adds the phase
increment to the register with the carry input negated, and
the result is stored back in the register, so that the register
now contains the sum of the previous playback address and
the phase increment.

In a second step, the one’s complement of the loop
address is added to the register, with the carry input asserted.
The carry output of this addition is examined. If the carry
output is negated, indicating that the register value does not
equal or exceed the loop address, then the register is disabled
and remains unchanged. If the carry output is asserted,
indicating that the register value equals or exceeds the loop
address, then the register is enabled and acquires the output
of the adder, which is the register value less the loop address.

In a third step, the register is added to the start address
with the carry input negated. If the carry output was asserted
during the previous step, then the register is enabled and
acquires the result of this addition. If the carry output was
negated during the previous step, then the register is disabled
and remains unchanged. At this point, the looping algorithm
is complete and the register contains the next playback
address. This algorithm is performed once each output
sample period for each audio channel. Note that the CA is
updated by the algorithm, and that the LSA and LEA are
only altered by the controlling CPU.

Those skilled in the art will easily perceive that the three
steps above can be implemented in combination with other
steps also using the same adder, and that the register can also
be shared during other steps, and loaded from and saved to
a memory as necessary to implement the above steps.

The assertion or negation of the carry output during the
second step indicates if a loop occurred during the cycle.
This can be used as the basis of an interrupt to a CPU which
will occur once per loop at the time the playback address
returned to the start point. Thus, wavetable looping has a
very efficient and compact hardware implementation.

It would be useful to combine wavetable looping tech-
niques with double buffering so that audio data received
from bursty sources such as CD-ROM may be played back
in wavetable fashion. However, there is a fundamental
incompatibility between the typical wavetable looping
scheme and the requirements of double buffering.

Assume that audio data is being played back from a
double buffer system in accordance with conventional
wavetable techniques. Audio data is currently being read out
from the first buffer while the second buffer is being filled
with data. However, soon playback will switch to the second
buffer to allow filling of the first buffer. To prepare for the
switch, the LSA is set at the beginning of the second buffer,
and the LEA is set at the location just subsequent to the end
of the first buffer in memory. CA' is compared to LEA after
each addition of PI. When the loop occurs, i.e., CA' equals
or exceeds LEA, playback jumps to the beginning of the
now full second buffer, and the first buffer is filled with data
while the data already loaded into the second buffer is being
processed.

However, the above steps will only occur properly only if
the second buffer is below the first buffer in the address
space they share. If this were not the case, then on the cycle
following the switchover, the comparison of CA to LEA
would cause a false jump to an invalid location because the
modification of LEA requires more time than the jump of
CA. This is because the modification of LEA is directed by
the CPU in response to an interrupt caused by the compari-
son a result that has an associated latency which can be
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longer than an output sample period. However, if the second
buffer is below the first buffer in their shared address space,
the switch from the second buffer to the first buffer will not
occur correctly for the same reason. In other words, jumping
from an LEA upward in memory is precluded by the
conventional wave table looping algorithm.

One known solution to this problem is to provide distinct
loop end address registers for each buffer and switch
between them whenever switching between buffers.
However, an important drawback is that an extra register is
required, increasing the area and complexity of the playback
circuitry. For example, in the context of a 64 voice playback
system, 64 additional registers and accompanying intercon-
nections would be needed.

Another solution is to position the buffers adjacent to each
other in their shared memory space so that there is never a
gap between them. After a jump to the buffer that is higher
in address space, the loop end address and loop start address
will both be equivalent to the boundary between the two
buffers. When the looping condition is now met and the loop
start address is added to the difference between the current
address and the loop end address, the result is again the
current address since the loop end address and loop start
address are equivalent. Thus, the false looping condition
does not cause a jump. However, the CPU that responds to
interrupts caused by the satisfaction of the looping condition
must be able to distinguish between interrupts that are and
are not associated with actual jumps. Also, the need to
maintain the buffers exactly adjacent to one another reduces
system flexibility.

What is needed is an efficient system for combining
double buffering and wavetable looping that avoids the
above drawbacks by allowing an upward jump at the end of
the loop.

SUMMARY OF THE INVENTION

In one embodiment, the present invention provides wavet-
able style playback of audio data received from a bursty
source. Incoming audio data is directed to one buffer while
another buffer is available for playback to permit simulta-
neous buffer filling and playback. When a buffer becomes
full of newly received data, the buffers exchange roles. The
present invention provides methods and apparatus for effi-
ciently and accurately controlling addressing of the buffers
for playback.

In accordance with one embodiment of the present
invention, a method is provided for buffering audio data
received from a bursty source and playing back the audio in
a loop. The method includes steps of providing a first buffer
and a second buffer, each of the buffers comprising a
plurality of sequential memory locations in an address space
common to both buffers, wherein audio data received from
the source fills one of the first and the second buffers, the
other buffer being available for loop playback, adding a
phase increment to a current playback address thereafter
subtracting a loop end address from the current playback
address to obtain a loop jump indicator, and thereafter if the
loop jump indicator is greater than or equal to zero and less
than a minimum buffer spacing between the first and second
buffers, setting the current address to be the loop jump
indicator plus a loop start address.

In accordance with another aspect of the present
invention, a loop control circuit is provided that generates a
current address for read access operations to first and second
buffers that share a common address space. The circuit
includes a register, an adder circuit, and a control circuit.
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The control circuit controls the adder and register in sequen-
tial states. In a first state, the control circuit employs the
adder circuit to add a phase increment to a current address
for read operations stored in the register to obtain a new
current address, storing the new current address in the
register. In a second state following the first state, the control
circuit employs the adder circuit to subtract a loop end
address from the new current address as stored in the register
to obtain a loop jump indicator, the loop jump indicator
being stored in the register only if the loop jump indicator is
greater than or equal to zero and less than a minimum buffer
spacing. In a third state following the second state, the
control circuit employs the adder circuit to add a loop start
address to the current value in the register to obtain a
modified current address, the modified current address being
stored in the register only if the loop jump indicator was
greater than or equal to zero and less than the minimum
buffer spacing value.

A further understanding of the nature and advantages of
the inventions herein may be realized by reference to the
remaining portions of the specification and the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a prior art looping scheme for wavetable
playback.

FIGS. 2A-2D depict looping through double buffers in
accordance with one embodiment of the present invention.

FIG. 3 is a flowchart describing steps of looping through
double buffers in accordance with one embodiment of the
present invention.

FIG. 4 is a circuit diagram showing circuitry for control-
ling looping through double buffers in accordance with one
embodiment of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS

The present invention finds application wherever bursty
data must be received and buffered for further processing
that may occur simultaneously with receipt of new data. One
particular application is buffering audio data as received
from a bursty source while accessing already buffered data
points in a loop-like fashion. Data is accessed in order of
address. When the loop limits are exceeded, access opera-
tions begin again at the start of the loop. This looping
procedure may be used for playback of audio data.

FIGS. 2A-2D depicts looping through double buffers in
accordance with one embodiment of the present invention.
A first buffer 202 and a second buffer 204 each include a
series of sequential memory locations and share a common
address space. At any given time, one of the buffers is used
for read access operations and the other buffer is filled with
new data from a bursty source. A current address pointer
(CA) 206 points to the currently accessed memory location.
CA increments regularly by a phase increment PI. When the
read access operations are for the purpose of playing back
audio, the PI corresponds to a pitch shift factor or sample
rate conversion factor. A PI of one corresponds to no pitch
shift or sample rate change as compared to the pitch and
sample rate of the audio data as recorded. A PI greater than
one corresponds to an increase in pitch or decrease in sample
rate as compared to what was recorded and a PI less than one
corresponds to a decrease in pitch or increase in sample rate.

First buffer 202 and second buffer 204 are separated by a
region of memory 208 that should be equal to or larger than
the minimum possible buffer spacing. The minimum buffer
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spacing must be equal to or larger than the maximum phase
increment. Preferably, the minimum buffer spacing is chosen
to be an even power of 2.

In general loop operation, CA increments until LEA is
exceeded. Once LEAis exceeded, CA jumps to LSA or some
remainder slightly above LSA. LSA generally corresponds
to the beginning of the buffer to be accessed next while LEA
generally corresponds to the end of the currently accessed
buffer. Switching between buffers is accomplished by
changing the values of LSA and LEA.

FIG. 2A shows the various address pointers when read
access operations occurring in second buffer 204 while data
is being loaded into first buffer 202. LSA is set to the
beginning of first buffer 202 while LEA is set to just above
the last word of second buffer 204. Once CA exceeds the
LEA value shown in FIG. 2A, a jump occurs leading to the
situation shown in FIG. 2B where CA is now located just
above the beginning of first buffer 202.

Approximately simultaneously with the jump, loop inter-
rupt for this channel is issued to a CPU that controls the flow
of new data to the buffers and the values of LEA and LSA.
The CPU responds by temporarily disabling further loop
interrupts by this channel. Then, the CPU changes LEA to be
the end of the first buffer and LSA to be the beginning of the
second buffer. This is the situation shown in FIG. 2C. Once
the pointers have been moved, the filling of second buffer
204 begins. The pointers are moved prior to the start of
filling of second buffer 204 so that if a jump occurs prior to
the complete refilling of second buffer 204, the jump will
place CAnear the beginning of second buffer 204 where new
valid data will already be found. After second buffer 204
fills, further loop interrupts for this channel are reenabled.

Now once CA passes LEA, it jumps forward to past LSA,
the condition shown in FIG. 2D. It should be noted here that
CA is still greater than LEA because LEA has not yet shifted
to close to the end of second buffer 204. According to the
present invention, the condition for jumping is not simply
that CA equals or exceeds LEA. The present invention
provides an additional condition for jumping, that CA-LEA
not equal or exceed the minimum buffer spacing. If
CA-LEA does equal or exceed the minimum buffer spacing
and CA equals or exceeds LEA, this implies that CA is
actually within second buffer 204 and no jump is desired.
This assures that no further erroneous jump occurs in the
situation shown in FIG. 2D where CA exceeds LEA only
because LEA has not yet shifted to the end of second buffer
204.

Associated with the jump of CAback to second buffer 204
is another loop interrupt. Again, further loop interrupts for
this channel are disabled. Then, LEA is changed to the end
of second buffer 204 and LSA is changed to the beginning
of first buffer 202. New audio data is directed to first buffer
202 and loop interrupts for this channel are re-enabled. The
situation is again as depicted as in FIG. 2A and the cycle of
switching between the two buffers continues.

FIG. 3 is a flowchart describing steps of looping through
double buffers in accordance with one embodiment of the
present invention. The steps of the flowchart of FIG. 3 recur
for each read access operation to the buffers. In a digital
audio embodiment, the read access operations occur at a
local audio sample rate. At step 302, the phase increment PI
is added to CA to obtain a new current address, CA'. At step
304, a loop jump indicator, X is set equal to CA'-LEA. At
step 306, X is tested. If X is greater than or equal to zero and
less than the minimum buffer spacing, CA' is set equal to
X+LSA, thus jumping to the beginning of the loop at step
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6

308. If X is not greater than or equal to zero or not less than
the minimum buffer spacing, CA is set equal to CA' and
execution proceeds back to step 302. Execution also pro-
ceeds to step 302 after step 308.

The modification of LEA and LSA to switch between
buffers occurs in response to the loop interrupts associated
with the jumps caused by each invocation of step 308.
Preferably, the procedure of FIG. 3 operates continuously
and at the output sample rate to provide continuous access
to a stream of data such as audio samples.

FIG. 4 is a circuit diagram showing circuitry for control-
ling looping through double buffers in accordance with one
embodiment of the present invention. A looping control
circuit 400 includes an adder 402, a register 404, an AND
gate block 406, an AND gate 408, a NOR gate 410, an XOR
gate block 412, a first flip-flop 414, a second flip-flop 4185,
a first multiplexer 416, a third flip-flop 417, and a second
multiplexer 418. These components are interconnected as
shown in FIG. 4. In the preferred embodiment a 24 bit
address space is used allowing addressing of up to 16 million
samples.

XOR gate block 412 has two inputs. A first input is
connected to a subtract signal 419 which is a single bit. A
second input receives a 24 bit wide data word 420 from a
RAM system (not shown). XOR gate block 412 includes 24
individual two-input XOR gates, each having subtract signal
414 as one input and a selected data bit of data word 420 as
a second input. The output of XOR gate block 412 is 24 bits
wide and consists of the individual outputs of each of the
internal XOR gates.

AND gate block 406 has two inputs. A first input is a 24
bit wide output of register 404. A second input is a 24 bit
wide control word 422. AND gate block 406 includes 24
individual AND gates, each one having one input taken from
the output of register 404 and the other input taken from a
corresponding bit of control word 422. The output of AND
gate block 406 is 24 bits wide and consists of the individual
outputs of the internal AND gates.

The operation of looping control circuit 400 may be
characterized as a sequence of states. Each state is charac-
terized by values of subtract signal 414, data word 420,
control word 422, a select input to first multiplexer 416, and
a select input to second multiplexer 418. Within the RAM
system which provides data word 420 are found the values
of CA, PI, LEA, and LSA as discussed above. CA and PI
include both integer and fractional portions.

In state 1, the fractional portion of CA is loaded into
register 404. This is accomplished by presenting the frac-
tional portion of CA as data word 420, maintaining subtract
signal 419 in a negated state, negating all of the bits of
control word 422, selecting a negated state as the output of
first multiplexer 416 and thus also as the carry input to adder
402, and selecting an asserted state as the output of second
multiplexer 418 and thus as the enable input to register 404.

In state 2, a fractional part of PI is added to the fractional
part of CA stored in register 404. Data word 420 is now set
equal to the fractional part of PI. Subtract signal 419 remains
in the negated state. To include the previously stored frac-
tional part of CA in the addition, all of the bits of control
word 422 are now asserted. The output of first multiplexer
416 is selected to be negated while the output of second
multiplexer 418 is selected to be asserted. The resulting
fractional part of CA is valid in register 404 during the
subsequent state 3 and is stored in the RAM system during
that state. The carry output of adder 402 is stored in flip-flop
414 for later use.






