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DIGITAL SAMPLING INSTRUMENT
EMPLOYING CACHE MEMORY

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of application
Ser. No. 08/903,329, filed Jul. 29, 1997, US. Pat. No.
5,925,841, which is a division of application Ser. No.
08/636,827, filed Apr. 23, 1996, U.S. Pat. No. 5,698,803,
which is a continuation of application Ser. No. 08/202,922,
filed Feb. 28, 1994, abandoned, which is a division of
application Ser. No. 07/882,178, filed May 11, 1992, U.S.
Pat. No. 5,342,990, which is a continuation-in-part of appli-
cation Ser. No. 07/462,392, filed Jan. 5, 1990, U.S. Pat. No.
5,111,727.

BACKGROUND OF THE INVENTION

The present invention may be efficiently implemented in
a single VLSI integrated circuit of low cost. The present
invention provides for a very high channel count, limited
only be the speed and cost of the circuit and the average
degree of upward pitch shifting required. Also, the present
invention allows for use of multiple interpolator circuits to
be used with a single waveform memory.

The present invention relates to electronic musical
instruments, and more particularly to digital sampling
instruments which create musical notes by reproducing
recorded waveforms of musical instruments or sound
effects, or mathematically calculated waveforms from a
waveform memory at a variable playback rate. As has been
previously disclosed in the above-identified cross-
referenced patent application Ser. No. 07/462,392 filed Jan.
5, 1990 one technique for improving the performance of
such instruments is the use of a cache memory and wave-
form interpolation. Such a technique increases the available
channel count of the instrument by eliminating the wave-
form memory access time bottleneck which limits perfor-
mance. While the basic use of cache memory has been
previously described, there are several improvements
beyond the preferred embodiment described in patent appli-
cation Ser. No. 07/462,392 which are described herein.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide
improved N point interpolation variable pitch playback of
musical sounds. The techniques so described can be effi-
ciently implemented in the preferred embodiment by a
single VLSI circuit of low cost. The preferred embodiment
allows a very high channel count which will support many
simultaneous musical notes. It also allows memory systems
having variable access times, as well as the use of more than
one interpolator circuit or chip with a single sound wave-
form memory.

Further described are techniques to optimize the perfor-
mance of the system by decreasing the complexity of the
VLSI circuit required to implement cache memory. Another
technique described improves the cache system by increas-
ing the degree to which upward pitch shifting on a minority
of the channels can occur.

Other objects, features and advantages of the present
invention will become apparent from the following detailed
description when taken in conjunction with the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of this specification, illustrate embodiments
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2

of the invention and, together with the description, serve to
explain, the principles of the invention:

FIG. 1 depicts a block diagram of an interpolator.

FIG. 2 depicts a block diagram of an interpolator with
cache memory.

FIG. 3 depicts a block diagram of the present invention.
FIG. 4 depicts details of the address update unit of FIG.

FIG. 5 depicts details of the address register file of FIG.

FIG. 6 depicts details of the priority unit of FIG. 3.
FIG. 7 depicts details of the memory access unit of FIG.

FIG. 8 depicts details of the cache memory unit of FIG.

FIG. 9 depicts details of the convolution unit of FIG. 3.

FIG. 10 depicts a block diagram of a shared memory
system.

FIG. 11 depicts a block diagram of the use of multiple
waveform memory types.

FIG. 12 depicts a reservation table for cache RAM.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Reference will now be made in detail to the preferred
embodiments of the invention, examples of which are illus-
trated in the accompanying drawings. While the invention
will be described in conjunction with the preferred
embodiments, it will be understood that they are not
intended to limit the invention to those embodiments. On the
contrary, the invention is intended to cover alternatives,
modifications and equivalents, which may be included
within the spirit and scope of the invention as defined by the
appended claims.

The fundamental architecture of a sampling digital instru-
ment which supports L channel pitch shifting by
interpolation, as described in patent application Ser. No.
07/462,392 is shown in FIG. 1 and includes a waveform
memory 1, an address update unit 2 supplying an integer part
3 and a fractional part 4 of a current address for each of L
channels, a memory address generator § producing wave-
form memory addresses 6 from the integer part 3 of the
current address and a convolution unit 7 producing output
samples depending on the fractional address 4 and the data
8 from waveform memory 1. For each output sample and
each of the L channels, the address update arithmetic circuit
10 provides a new current memory address consisting of an
integer 3 and fractional 4 part which is created from the
previous current address stored in register file 9 by adding a
phase increment which is also stored in register file 9, and
the convolution unit’s multiply-accumulator circuit 12 com-
putes a sum of products of samples located in the waveform
memory times coefficients (which depend on the fractional
part of the memory address). This can be represented by the
formulas:

A=A, +P

An=An1 +P



6,137,043

3

-continued
Yis = X‘_ﬂ%lco(f)+ X‘_E?Cl(f)+ ¥

XiComt (F)+ o+ X_pm1 Cu(F)
2 2

where An is the new current address, An-1 is the previous
current address, P is the phase increment, Yi+f is the output
signal representing the current address with integer part i
and fractional part f, Xm represents the waveform memory
sample at address m, and Cn(f) represents the nth coefficient
which is a function of f.

The coefficients Cn(f) are computed in the coefficient
generator 11 either algorithmically from the fractional
address f, by a table lookup based on f, or by a combination
of these two approaches, such as linear interpolation of a
limited size table. The output signals Y are digital output
data 13 ready to be further processed by additional circuitry
or by time domain multiplexing of some of the existing
blocks.

The current memory address A for any given channel is
continually being increased by the phase increment P at each
output sample period. The magnitude of the phase increment
determines the pitch shift from the original pitch, with an
increment of unity being no shift, and increments smaller
than unity shifting the pitch downward. As described in
patent application Ser. No. 07/462,392, the phase increment
is most commonly less than one. Consequently, the number
of accesses of waveform memory can be reduced by the use
of a cache memory. This will in turn increase the number of
channels which can be supported by a single waveform
memory.

A cache memory system is shown in FIG. 2. In this
system, not only does address update unit 2 produce an
integer 3 and fractional 4 part of a new current address, it
also produces a cache data required size (S) 14, defined as:

S=Ini(A,)-Ini(A, )

where Int(x) is the integer part of x.

The cache memory 15 contains M entries for each
channel, and M must be an even power of two. A minimum
of N entries is required for N point interpolation, that is
M=N. Thus, for example, linear interpolation (N=2)
requires 2 or more entries per channel, and eight point
interpolation M is greater than or equal to 8.

Cache memory 15 is written with S samples from wave-
form memory 1, the last of which is located at the integer
part 3 of the current memory address. The waveform
memory addresses to accomplish this are generated by
memory access unit 16, which can operate independently
and asynchronously from the address update and convolu-
tion units. Memory access unit 16 also generates the cache
write address 17 at which the samples are stored.

Ultimately, the required samples 18 are read from the
cache memory at sequential addresses, the last of which is
located at the truncated least significant portion of the
integer part 3 of the current memory address, and supplied
to the convolution unit for multiplication and accumulator
with coefficients derived from the fractional part 4 of the
current address. This system operates according to the
algorithm previously described in patent application Ser. No.
07/462,392.

The method described in patent application Ser. No.
07/462,392 has some limitations. Specifically, a dual port
cache memory with separate write and read addresses is
required, and the time required to complete all waveform
memory accesses in the worst case is limited, thus placing
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an unnecessary limit on the upward pitch shifting capability
of the circuit. The present invention eliminates both these
limitations, and is shown in block diagram form in FIG. 3.

As in all interpolation systems, an address update unit 2
produces a new current address for each output sample for
each channel. However, in the present invention, the current
address for each channel is stored in an external address
register file 21, along with the cache size and cache base
address for each channel. Address register file 21 is only
used by address update unit 2 for two cycles (one to fetch the
old current address and another to store the new current
address) for each channel, so it is available for other
accesses which are controlled by memory access unit 23 on
the remaining cycles. In the preferred embodiment, alternate
cycles are available to the memory access unit, as deter-
mined by system state counter 26.

Address update unit 2 produces a cache request signal 29
for a given channel if the integer part of the new current
address differs from the integer part of the old current
address. This request indicates that a waveform memory
access is required. It also produces a cache size (S) and
cache base address (CBA). The cache size is defined as
above; the cache base address is a cumulating sum of the
cache size, or:

CBA,~(Ini(A,)-Int(A, )+CBA,, ;) mod M

where M is the cache memory size in entries per channel.

The need for a cache base address is twofold. First, the
size of the cache is not an even power of two, the mechanism
described previously in patent application Ser. No. 07/462,
392 will not function because the mod operation in the
equation above defining the CBA cannot be implicitly
performed by truncation leaving only the least significant
bits of the integer part of the current address. Thus a separate
cache base address which can be modulo M must be
maintained. However, even when M is an even power of
two, there is reason to maintain a separate cache base
address. A typical feature of digital sampling musical instru-
ments is the ability to loop a sound in waveform memory.
This is typically accomplished by an algorithm implemented
in the address update unit in which the new current address
is compared against a loop end address. If the end address
has been exceeded, the size of the loop is subtracted to begin
the loop of sound again near the start. This technique is well
known to those skilled in the art. Because the size of the loop
is not necessarily an integer multiple of the cache size, the
cache address cannot be identical with the least significant
bits of the current address if a loop is implemented. Instead,
a separate cache base address must be maintained. When a
loop occurs, the current address is updated according to a
conventional looping algorithm, but the cache base address
is simply increased modulo M by the phase increment as
with an unlooped address update.

In FIG. 3, priority unit 22 determines from the cache
requests of all channels which channel’s request should be
honored first. It then supplies that priority channel’s number
27 to memory access unit 23 and to address register file 21.
An idle signal 24 is also supplied to indicate that no requests
are pending, and an accept signal 25 causes the priority unit
to reset a channel’s cache request as having been accepted
for service.

Memory Access Unit 23 responds to a request for a given
channel’s service by asserting accept signal 25 after acquir-
ing the channel number from priority unit 22, and the current
address, cache size, and cache base address for that channel
from the address register file 21. For each waveform
memory location, beginning at the current address and






