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COMPRESSION OF EMULATION TRACE DATA

FIELD OF THE INVENTION

[01]

| Aspects of the present invention are directed generally to methods and apparatuses for

handling trace data from an emulation system, and more particularly to compression of

such trace data to a more manageable size.

BACKGROUND

[02]

[03]

Emulation systems typically include one or more integrated circuit chips, each of which
emulates a portion of a digital design. The integrated circuit chips may be field-
programmable devices (FPDs) such as field-programmable gate arrays (FPGAs). Each
FPD includes a set of reconfigurable logi‘c blocks (RLBs) interconnected by a
prpgrammable routing resource matrix. The ty;;ical FPGA has up to a few tens of
thousands of usable RLBs. Design state elements, such as logic gates, are mapped onto
the RLBs such that the typical FPGA may emulate up to several hundred thousand design

logic gates.

During emulation of a design in an FPD, it is desirable to obtain trace data of the states of
the various design state eleme:nts and/or other design elements and/or design signals
mapped onto the emulation FPD. Such trace data, also known as user visibility data, is
made available to the user and is often used to debug a design. Unfortunately, as the

number of state elements mapped into an FPD increases, the amount of trace data
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increases as well. For example, an FPGA emmaﬁng one hundred thousand state elements
would generate up to one hundred thousand bits, or 0.1 Mb, of trace data per clock cycle.
This trace data is further increased where emulation ‘systems incorporate a number of
parallel FPGAs. For instance, a system having ten parallel FPGAs would generate up to

1 Mb of trace data per clock cycle.

The amount of trace data to be dealt with is dramatically increased when one considers
that emulation runs typically' involve a plurality of clock cycles, such as hundreds of
millions of clock cycles or more. For example, where an emulation is run over one
billion clock cycles, the total amount of trace data generated during the emulation may be |
up to (1 billibn) x 1Mb = 1,000 terabits (Tb). Thus, there becomes the problem of how to
étore, transfer, and/or otherwise handle all of this trace data. Although the cost of
memory has decreased over the years, it is nevertheless expensive. Large amounts of
memory also takes up valuable real estate and requires additional power, both of which
are usually of limited availability in an emulation system. It would therefore be desirable

to limit the amount of memory in an emulation system.

Yet another complication arises when one considers the speed at which the emulation
clock runs. Typical emulation systems may run a clock at 1 MHz or more. For example,
where the clock in the above example is run at 1MHz, the total bandwidth of trace data
generated may be up to (1 Mb) x (1 MHz) = 1 Tb per second. When an emulation system

is run over multiple emulation clock cycles, the bandwidth of trace data often exceeds the
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capabilities of state-of-the-art physical interfaces, such as integrated circuit packaging pin

limitations, memory chip size, and network bandwidth. -

'SUMMARY OF THE INVENTION

[06]

[07]

[08]

There is therefore a need for an emulation system that can provide useful quantities of

trace data without requiring unreasonable trace data transfer bandwidth requirements

and/or data storage requirements. Thus, according to one aspect of the present invention,
some or all of the trace data from an emulation system may be compressed. Any suitable
data compression algorithm -may be used without departing from the scope of the

invention. Such compression may occur prior to or after storage.

According to a further aspect of the present invention, scan chains may be implemented

to receive trace data from configurable logic blocks inside one or more emulation chips,

and the data received from the scan chains may be compressed. Where delta
compression is used, the scan chains may also perform a delta detection function.
Alternatively, delta detection may be performed using the outputs of the scan chains. In

addition, one or more detectors may be implemented within or outside of the scan chains.

According to still another aspect of the present invention, compression of the trace data

may include receiving a plurality of data sets and performing compression along cross-

“sections of the combined data sets.
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[09] These and other features of the invention will be apparent upon consideration of the

following detailed description of illustrative embodiments.

]é»RIEF DESCRIPTION OF THE DRAWINGS

[10] The foregoing summary of the invention, as well as the following detailed description of

| * illustrative embodiments,A is better understood when read in conjunction with the
accompanying drawings, which are included by way of example, and not by way Qf

limitation with regard to the claimed invention.

[11] Figures 1 and 3 are functional block diagrams of illustrative embodiments of an
emulation and trace storage system that produces compressed trace data in accordance

with at least one aspect of the present invention.

[12] Figure 2 is a functional block diagram of an illustrative embodiment of an emulator in

accordance with at least one aspect of the present invention.

[13] Figure 4 is a functional block diagram of the emulation system of Figurés 1 and 2,

showing additional detail within an emulation chip.

[14] Figure 5 is a circuit diagram of an illustrative embodiment of a delta detector for
receiving the output of a scan chain in accordance with at least one aspect of the present

invention.
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[15] Figure 6 is a circuit diagram of a portion of an illustrative embodiment of a scan chain
with an integrated delta detector in accordance with at least one aspect of the present

invention.

[16] Figure 7 is a graphical representation of an illustrative embodiment of trace data
compaction and equalization in accordance with at least one aspect of the present

invention.

[17] Figure 8 is a functional block diagram of an illustrative embodiment of an event detector

in accordance with at least one aspect of the present invention.

[18] Figures 9 and 10 are graphical representations of data that may be generated as a result of

compression in accordance with at least one aspect of the present invention.

[19] Figure 11 is a functional block diagram of an illustrative embodiment ofa time-averaging

buffer in accordance with at least one aspect of the present invention.

[20] Figure 12 is a functional block diagram of an illustrative embodiment of an event detector

in accordance with at least one aspect of the present invention.

{21]  Figure 13 is a functional block diagram of an illustrative embodiment of a systolic partial

crossbar event detector in accordance with at least one aspect of the present invention.
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Figure 14 is a high-level functional block diagram of an illustrative embodiment of an

emulation system and workstation in accordance with at least one aspect of the present

invention,

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[23]

An Tllustrative Emulation Environment

Referring to Figure 1, an illustrative embodiment of an emulation and trace storage
system 100 may functionally include an emulator 101, a data compressor 102, and/or
storage 103. The term “emulator” is used broadly herein and includes not only systems
that perform pure hardware emulation, but also those that perform a combination of
hardware emulation and software simulation, as well as hardware acceleration and/or co-
simulation. As shown in Figure 2, the emulator 101 may include one or more integrated
circuit chips 201 having reconfigurable logic (called hereiq “emulation chips,” or “ECs”),
such as an FPD, that are reconfigurable to embody a design to be emulated. The FPD
may include an FPGA or other similar reconfigurable logic device. The emulator 101
rhay also include other integrated circuit chips and/or other circuitry. The emulation
chips 201 may be application-specific integrated circuits (ASICs). Each of the emulation
chips 201 may be selectively interconnected via switching circuitry 202. The switching
circuitry 202 may be part of one or more of the emulation chips 201 and/or physically
sei)arate from but connected to the emulation chips 201. The switching circuitry 202 may

include any one or more switches, routers, and/or the like, such as crossbar(s), partial
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crossbars(s), and multiplexors. Generally, each ;)f the emulation chips 201 may be made
up of numerous reconfigurable logic blocks (RLBs) that may each be reconfigurable to
emulate a particular low-level or high-level logic ﬁlnction. Together, the emulation chips
201 and the switching circuitliy 202 may embody aﬁd emulate a particular logic design.
Where the design is sufficiently large, which is typically the case, the design may be
ﬁartitioned amongst the various emulation chips 201. Any number of emulation chips
201 and switching circuits .202 may be used in combination to emulate a particular logic

design.

When a design is embodied in the emulator 101, the emulator 101 may emulate the
design based on design inputs that stimulate the design. The design inputs may include a
plurality of parallel inputs ov?:r a plurality of clock cycles. The set of design inputs for
each clock cycle is sometimes referred to as the design input set. A set of data may .
include one or more bits of data, arranged as a vector or other arrangement. The design
input set may be input to one or more of the emulation chips 201. During emulation, and
in response to the design input set, the emulator 101 may generate a large number of
continuously varying internal states, as well as a plurality of design outputs, also known
as a design output set. The internal states may represent the states of nodes within the
design. For example, internal states may include the states of one or more of the RLBs,
as well as the states of the inputs and outputs of the individual emulation chips 201.
Although the inputs and outputs of the emulation chips 201 are not internal to the chips,

they are considered states that are internal to the design being emulated. Thus, the
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emulation chip 201 inputs and outputs are internal states for purposes of this
specification. These internal states may be extracted and Aoutputted by the emulator 101
and/or by one or more of its emulation chips 201. The extraction of such internal state ‘
data, also called herein “trace ’data,” may be performed by trace circuitry, such as by

using one or more scan chains disposed within each emulation chip 201.

Referring back to Figure 1, the data compressor 102 may compress some or all of the

trace data, the design inputs, and/or the design outputs. Any form of data compression
may be used. However, it has been found that delta compression works particularly well
for trace data. The reason for this is that, in general, it can be expected that a large
number of internal states do not change from one clock cycle to the next clock cycle. The
same may be said for the design inputs and design outputs, and it is especially true for
portions of the design that are inactive at times. For instance, where the design is logic
for a cellular telephone, a large portion of the design (excluding the clock) will likely be
inactive while a telephone call is not being made. Although not all designs necessarily
have such a characteristic, it has been found that many do. The present invention,
however, can be used with any design regardless of how often the internal states, design

inputs, or design outputs change.

The trace data compressor 102 may be physically part of the emulator 101 or it may be
physically separate. For example, the trace data compressor 102 may be integrated
within one or more of the emulation chips 201 in the emulator 101, as will be further

discussed pelow.
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Some or all of the compression may be performed in real time while the emulator 101 is
actually emulating the design. Thus, while the emulator 101 is emulating, some or all of -
the trace data, design inputs, and/or design outputs may be stored in compressed form in
storage 103. This reduces the amount of storage 103 necessary. However, compression
need not take place in real time, especially where the size of storage 103 is not of great
concern. For instance, it may be desirable to store the data in uncompressed or partially
compressed form and then forward the stored data at a later time to the data compressor
102 for compressed transmission elsewhere. Figure 3 functionally shows an alternative
configuration in which the trace data, the design inputs, and/or the design outputs are sent
to sforage 103 prior to being compressed by the compressdr 102. In some embodiments,
the configurations of Figures 2 and 3 may be combined such that the emulator 101 may

be directly coupled to both the compressor 102 and the storage 103.

Referring to Figure 14, the emulation system 100 may further include at least one
communications interface 1401 that communicates with at least one workstation 1403 via
at least one communication channel 1402. The workstation 1403 may run application
software that generates configuration éode based on a user’s design. The configuration
code may be sent over the communication channel 1402 to the interface 1401 and then on
to the emulator 101. The emulator 101 may reconfigure itself, in accordaﬁce with the

configuration code, to embody the design. When the emulator 101 is run, thereby

_emulating the design, the raw and/or compressed trace data may be forwarded to the

storage 103. The box designated element 100 may be considered a functional dividing
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line, or it may be a physical housing containing some or all of the elements 101, 102, '
103, 1401 therein. Where the element 100 is a physical housing, the communication
channel 1402 may be embodied as an electrical conductor such as a cable that runs out of
the housing and connects to the workstation 1403 that is physically separate from the

housing.

The raw and/or compressed trace data may further be forwarded to the interface 1401 and
on to th¢ workstation 1403 via the communication channel. 1402. Some or all of the
elemeﬁts of the emulation system 100 may be disposed on one or more circuit boards that
may intercommunicate with one another. Thus, compression of the trace data may occur
outside of the workstation 1403, either online while the emulation is running or offline
after the emulation has run. For example, the emulation system 100 may contain one or
more circuit boards, each circuit board including at least one emulation chip 201 and at
least one compressor 102 coupléd to the emulation chip(s) 201. In such an embodiment,
the compressor 102 may be an integrated circuit chip on the circuit board but a separate
chip from the emulation chip 201. In another embodiment, the emulation chip(s) 201 on
the circuit board(s) may each include a compressor 102 within each emulation chip 201.
In other words, the emulator 101 and the compressor 102 may both be 1n the same
integrated circuit chip. In such an embodiment, the emulation chips 201 may be ASICsl.
Also, the storage 103 may be within the emulation system 100 (e.g., on the same circuit
béard as the emulation chips and compressors 102) or outside of and physically part of

the emulation system 100. Alternatively, compression of the trace data may occur inside

10
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the workstation 1403, either online while the emulation is running or offline after the

emulation has run.

Referring to Figure 4, a more detailed illustration of the illustrative emulation system 100
is shown. Each emulation chip 201 may include one or more sets of RLBs 401 as
discussed previously. The set of RLBs 401 may include a plurality of scan chains for
obtaining the internal states of the RLBs 401. Each scan chain may be of a length so as
to be configurable to obtain the internal states of up to at least M RLBs, where M may be

one or may be greater than one.

The outputs of the scan chains and/or the inputs to the emulation chip 201, may be
coupled to an interface 402 that assembles and/or encodes data extracted from the scan
chains and/or chip inputs into a form that may be needed in preparation for compression.
Fér example, the scan chains and/or chip inputs may together directly or indirectly
provide the interface 402 with N input data sets each M bits in length, where N may be
one or may be greater than one. In another example, only the inputs to the emulatién
chip 201 are prepared for compression. In some embodiments, there may be N scan
chains, each providing a different one of the N input data sets. The interface 402 may
reassemble the input data sets m order to provide output data sets that are each a different
cross-section of the input data sets. In other words, as will be described more fully

below, the trace data output for compression may be arranged as M sets each N bits in

length.

11
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The interface 402 may further encode the data received from the scan chains and/or
emulation chip inputs. Where delta compression is used, such encoding may include
detecting changes, or deltas, in the trace data from one .clock cycle to the next clock cycle
and outputting data indicating the positions of those deltas. For example, the encoded
trace data may include bits set to one corresponding to each bit location that the received

trace data changes.

The interface 402 may be part of and embodied by the RLBs 401 or it may be a separate
circuit. The interface 402 may provide output data sets to one or more compressors, such
as delta compressors 403a — 403z. Each of the delta compressors 403a — 403z may
receive N bifs of trace data per design clock cycle, may compress the data, and may
output compressed data. In some embodiments, the infegrated circuit chip 201 may be
logically divided into one or more portions, such as halves or quadrants. Each portion
may generate a subset of the N bits of trace data per clock cycle. For example, where the
integrated circuit chip 201 is logically divided into quadrants, then each quadrant may
generate N/4 bits of trace data per clock cycle. Each quadrant or other portion may share
the same delta compressors. For instance, the V/4 bits of data from each quadrant may be

multiplexed into the same one or more delta compressors 403a - 403z.

The compressed data may be received by a time-averaging buffer 405, which may‘
include a first-in-first-out (FIFO) buffer and/or a random access memory (RAM). It may
be reasohably expected that the outputs of the delta compressors 403a — 403z will be of

variable bandwidth. This is because the amount of compression attained generally

12
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[35] |

depends upon the content of the dafa to be compressed. Accordingly, the time-averaging
buffer 405 may be configured such that even though the inputs to the time-averaging
buffer 405 are of varying band\.;vidth, the time-averaging buffer 405 nevertheless outputs
data at a constant bandwidth or no more than a maximum bandwidth. The data from the
ﬁme-averaging buffer 405 may then be read into a storage controller 405 such as a double
data rate (DDR) controller. In the event that the buffer 405 overflows, compression may
be bypassed and a snapshot of the original trace data may be stored instead for one or
more clock cycles or until the buffer 405 recovers. In either event the compressed data
output from the buffer 405 (or uncompressed trace data from the interface 402) may be
forwarded through one or more pins of the emulation chip 201 and to the storage

controller 406, and then forwarded on to storage 103.

An illustrative embodiment of one of the time-averaging buffers 405 (e.g., time-
averaging buffer 405a) is shown in Figure 11. The time-averaging buffer 405 may
include switching circuitry such as a crossbar 1101 may receive some or all of the outputs
from the delta detector(s) (e.g., delta detector 403a). The crossbar 1101 may be an (N+F)

by 2(NV+F) crossbar, where F is the length of any overhead bits, such as the flag that is

-discussed later. However, other sizes of switching circuitry may be used. The time-

averaging buffer may further include two buffers 1102a, 1102b that are each at least N+F
bits in length. In alternative embodiments, the two buffers 1102a, 1102b may be A
combined as a single buffer 2(N+F) bits in length. The present discussion will be with

regard to two buffers 1102a, 1102b. Where a single combined buffer is used, the present

13
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discussion of buffer 1102a will be applicable to a first half of the combined buffer, and
the present discussion of buffer 1102b will be applicable to a second half of the combined

buffer.

Each buffer 1102a, 1102b is a single bit in width in this embodiment, although other
widths may be used as long as each buffer 1102a, 1102b stores at least (V+F) bits total.
Each buffer 1102a, 1102b may further have a plurality of at least (N+F) inputs, for a total
of at least 2(N+F) input, each coupied to a corresponding different output of the crossbar
1101. Thus, for example, there may be at least 2(N+F) parallel connections between the

crossbar 1101 and the buffers 1102a, 1102b.

The time averaging buffer 405 may further include a multiplexor 1103 or other switching
circuit, a buffer 1104 such as a first-in-first-out (FIFO) buffer, and a controller 1105. The
time averaging buffer 405 may further include a controller 1105 for controlling the
operation and/or configuration of the crossbar 1101, the buffers 1102a, 1102b, the

multiplexor 1103, and/or the buffer 1104.

\

In operation, compressed data 1107 from the delta compressor 403 may be received by
the crossbar 1101. The data 1107 may be of variable size from set to set. For example, a
first set of the data 1107 may be 100 bits in length, and the next set of the data 1107 may

be 237 bits in length. Accordingly, the data 1107 is of a variable bandwidth that can vary

- widely depending upon whether and how much the data 1107 is compressed. Where the

size of a particular set of the data 1107 is large (it is expected that the incoming data 1107

14
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would not exceed N+F bits in length), huge spikes in the incoming bandwidth will be

experienced.

The controller 1105 may also receive the compressed data 1107 to determine the size of
the compressed data 1107. The controller 1105 may dynamically configure the crossbar
1101 to direct the data 1107 to a certain range of outputs of the crossbar 1.101 dépcnding
upon the size the of the data 1107. The range of outputs may additionally or alternatively
depend upon how much data (or unread data) is already stored in the buffers 1102a
and/or 1102b7 The term “unread data” refers to data that has not yet been read from the
buffers 1102a or 1102b to the multiplexor 1103 and/or buffer 1104. In general, the
controller 1105 may configure the crossbar 1101 to write data to one or.both of the

buffers 1102a, 1102b at the point that the previously-stored unread data has ended, i.e., -

" by stacking the new data 1107 above the existing data 1106. The controller 1105 may

keep.track of the last point written by the use of a pointer that is updated as new data is

written into the buffers 1102a, 1102b.

Assume, for example, that the crossbar 1101 is a 258 x 516 crossbar (i.e., 258 inputs and

516 6utputs), and that the buffers 1102a and 1102b are each 258 x 1 bits, each with
addresses 0-257. There would thus be 258 x 2 = 516 total parallel connections between
the crossbar 1101 and the bufférs 1102a, 1102b. Assume further that the stored unread
data 1106 is 150 bits in length, and that the incoming data 1107 is 200 bits in length. The
stored unread data 1106 may thus be stored at, e.g., addresses 0-149 in buffer 1102b. The

new incoming data 1107 may be controlled by controller 1105 and switched by crossbar

15
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1101 to be written in parallel into the buffer 1102 beginning at the next address, which

would be 150. Because the incoming data 1107 is a total of 200 bits and the remaining

space left in the buffer 1102b is only 108 bits, the buffer 1102b will be full, with
addresses 0-149 containing daté 1106 and addresses 150-257 containing data 1107. The
remainder of data 1107 may overflow into buffer 1102a, by being written in parallel into

addresses 0-106 of buffer 1102a.

This process of stacking new incoming data 1107 onto stored unread data may be
repeated. Responsive to one of the buffers 1102a, 1102b becoming full of unread data,
the controller 1105 may cause that buffer to read out the entire data contents stored
therein (e.g., stored in addresses 0 to N+F) in parallel to the mutliplexor 1103. When the
data has been read out of one of the buffers 1102a, 1102b, the data in that buffer may
thereafter be considered data that has been read, as opposed to unread data.
Alternatively, the data in that buffer may be erased. When buffer 1102a is full, any
overflow is written starting at the bottom (i.e., address 0) of buffer 1102b. Thus, the
buffers 1102a, 1102b effectively create a cyclic bpffer that begins writing at the bottom
of buffer 1102b, then up to the top (i.e., address N+F) of buffer 1102b, then up through
the bottom of buffer 1102a, then up to the top of buffer 1102a, and then looping back

around to the bottom of buffer 1102b.

The controller 1105 dynamically controls the.muitiplexor 1103 to receive either the data
from buffer 1102a or the data from buffer 1102b, which is then forwarded to the buffer

1104. Because the data is read out of one or the other of buffers 1102a, 1102b only when

16
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that particular buffer 1102a, 1102b has become full of unread data, the bandwidth of the
data read into the multiplexor 1103, and ultimately into the buffer 1104, is of a more
stable bandwidth. In the illustrated example, it is expécted that the data being read into
the buffer 1104 will always be in N+F bit chunks. In general, the data being read into the
buffer 1104 will be in chunks equal to the size of one of the buffers 1102a, 1102b. |
However, because the length of time it fakes to fill one of the buffers 1102a, 1102b is a
function of the bandwidth of the various sets of incoming data 1107, the delay between
each reading of the buffers 1102a, 1102b is variable. Thus, while the bandwidth into the |
buffer 1104 is fixed while one of the buffers 11022, 1102b is being read, the average

bandwidth over time into the buffer 1104 is variable.

The storage controller 405 may read from the buffer 1104 at a bandwidth that is
independent of the bandwidths of the incoming data 1107 and/or the data being read into
the buffer 1104. Over a long period of time, the average bandwidth of data Seing read
out.of the buffer 1104 is equal to the average bandwidth of the incoming data 1107.
However, the data stored in the buffer 1104 may be read out at a less variable bandwidth
that peaks at a level lower than N+F bits per read cycle. In some embodiments, the data
stored in the buffer 1104 may be read out at a predetermined constant bandwidth. In
other embodiments, the data stored in the buffer 1104 may be read out at a bandwidth
that does not exceed a predetermined maximum bandwidth, the maximum bandwidth
being lower than the potential peak bandwidth of the incoming compressed data 1107.

Where the trace data is compressed offline, bandwidth to an external memory is not as

17
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much of a concern, however this type of compression and buffering may provide savings

in storage space and/or transmission time to-the user.

It has been found that such a time-averaging buffer 405 generally does not overflow
where delta cémpression is used and the depth of the buffer 1104 (i.e., the total storage
capacity) is approximately three times the amount of &ace data per clock cycle, or more.
For instance, where there are 256 trace sets input to the delta compressors, each trace set
being sixteen bits long, then the depth of the time-averaging buffer 405 may be
approximately (3x16x256) = 12,288 bits deep, or more. In the event that the time-
averaging buffer 405 overflows, compression may be bypassed and a snapshot of the
original trace data may be stored instead for one or more clock cycles or until the time-
averaging buffer 405 recovers. In either event the compressed data output from the time-

| averaging buffer 405 (or uncompressed trace data from the interface 402) may be
forwarded through one or more pins of the emulation chip 201 and to a storage controller

406 such as a double-data-rate (DDR) controller, and then forwarded on to storage 103.

Because N+F and 2(N+F) are not necessarily powers of two, it may be uneconomical to
design the crossbar to be of a size of exactly (N+F) x 2(N+F). For the same reason, it
may also be uneconomical to design the buffers 1102a, 1102b to be of a size of exactly
(N+F) bits. And for the same reason, it may be uneconomical to design the buffer 1104
to be exactly three times the amount of trace data per clock cycle. Accordingly, any or
all of these devices may be designed to have a capacity of the next highest power of two.

For example, where N+F = 258, the buffers 1102a, 1102b may each be buffers of size
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512 x 1,:since 512 is the next power of two after 258. Aﬂother way to economize is to
round any or all of these devices to the nearest multiple of eight. So, for instance, where
N+F = 258, the buffers 1102a, 1102b may each be buffers of size 264 x 1, since 264 is
the next multipié of eight after 258. Where extra resources are provided as in this case

for economy, the extra resources may either be ignored or filled with dummy bits.

[46] Although Figure 4 shows certain of the elements of the emulation system 100 being
disposed within the emulation chip 201 itself, one or more of the elements may be
disposed outside the emulation chip 201 without departing from the scope of the
invention. Additionally, storage 103 may be located on or off the emulation chip 201.

Delta Detection

[47] Where delta compression or other similar compression.is used, it is useful to detect when

data has changed from bit to bit. It may further be desirable to perform such detection
quickly, even in real time while the emulator 101 is emulating. Figure 5 shows an
illustrative delta detector 403 that detects whether a change, or delta, has occurred in
trace data (or in any other data that ivs i)rovided to it such as design inputs and/or design
outputs). In the present illustration, delta détection of trace data will be discussed,
however this discussion applies to any data applied to the delta detector 403. The delta
detector 403 may be coupled to an output of a scan chain in an emulation chip, receiving
.trace data (and/or other data) from the scan chain. The'delta detector 403 may therefore -

be part of the interface 402. The trace data may be sent to the delta detector 403 as N
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parallel sets of length M (or to put it another way, a stream or other set of M data points
each N bits wide). N may be one or may be greater than one. The frace data may be
received by a flip-flop 501, register, buffer, and/or other temporary storage element (or N
parallel temporary storage elements). The trace data may then be forwarded to a memory
502. The memory 502 may be a dual-port or single-port memory, and Ihay preferably be.
able to ‘store at least (M x N) bits such that the entire trace set for one user clock cycle
may be stored, although the memory 502 Iﬁay be of any size. The memory 502 may then
read out the stored trace data as N trace sets each input into one of N pafallel exclusi'vé-or

(XOR) logic gates 503.

For each trace set input into one of the XOR logic gates 503, a corresponding trace set at
time ¢ (e.g., corresponding to a particular user clock cycle at time /) may be read out of
the memory 502 and input into the same one of the XOR logic gates 503, lagging by one
user clock cycle (i.e., #-1). In other words, if one of the trace sets is denoi:ed as T(1),
where 7 is the set number and ¢ is the particular sample number at time ¢, then the inputs
to the corresponding one of the ‘XOR logic gates for that set would be T,(?) and T,(z-1).
The output of the corresponding XOR logic gate is thus the difference between T,(f) and
T,(¢-1). This difference will be called herein “trace delta data,” in the form of a set of
trace delta sets 7D,(7). If the two inputs to the corresponding XOR logic gate 503 are
equal, then the output 7D,() of that XOR logic gate 503 is zero. If the two inputs are not
equal, then the oﬁtput TD,(¥) of the corresponding XOR iogic gate 503 is one. Of course,

by inverting the outputs of the XOR logic gates 503, or by using other variations, one
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may create a delta detector that outputs a zero when there is a change in the trace data and
a one when there is no change. The particular content of the trace delta set data TD,(?) is
unimportant as long as it indicates whether there has been a change in the corresponding
incoming trace set T,(f) since the same trace set T,,(z-1) for the previous sample in time.
In either case, a delta detector has been effectively created for detecting whether there has
“been a change in a bit of trace data since the previous bit of trace data and outputting a

signal indicating as such.

The outputs TD,(f) of the plurality of parallel XOR logic gates 503 may be time-
multiplexed together using a multiplexor 504 to create one or more time-multiplexed bit
streams of trace delta data 7D(#). The output of the multiplexor 504 may be provided to
the input of a flip-flop 505, register, buffer, and/or other temporary storage element. The
outpﬁt of the multiplexor 504 may be selected at any time to be either the trace delta data
TD(%) or the original trace data 7(¢) in accordance with a bypass select signal. This may
be useful where it is desired that the original trace data 7{(?), or a portion thereof, be
outputted intermittently (e.g., periodically or aperiodically) in order to provide snapshots

of the raw trace data as discussed further herein.

Referring to Figure 6, according to another illustrative embodiment, the delta detector
may be integrated into one or more scan chains of an emulation chip. A scan chain 600
may include one or more scan chain portions (also known herein as “modules™) coupled
in series. Each module may receive the output of a different reconfigurable logic bloci(

RLB4, RLBg, etc., or a portion thereof. Illustrative module A may include one or more
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buffers BUF 1A, BUF 2A; one or more multiplexors MUX 1A, MUX 2A, MUX 3A; one
or more flip-flops FF 1A, FF ZA, and/or one or more XOR logic gates XOR A. Module
B may also include one or more buffers BUF 1B; one or more multiplexors MUX 1B,
MUX 2B, MUX 3B; one or more flip-flops FF 1B, FF 2B, and/or one or more XOR logic
gates XOR B. Although not shown in Figure 6, the scan chain 600 may include

additional modules, such as for example a total of thirty-two modules or more.

Although the discussion in this paragraph is with regard to module A, it applies equally to
the other modules of the scan chain 600. The corresponding RLBA may generate trace
data that is received by the multii)lexor MUX 1A. Depending upon how the multiplexor
MUX 1A is éonﬁgured in accordance with signal SEL1, it may pass the trace data on
through the ﬂip-ﬂop FF 1A and into the flip-flop FF 2A. The trace data may also be
\ passed on directly to a first input of the XOR lolgic gate XOR A. The trace data passing
through the flip-flop FF 2A may be delayed by a clock cycle and then passed on to a
second input of the XOR logic gate XOR A. Thus, similar to the delta detector of Figure
5, thé XOR 1logic gate XOR A outputs a binary bit set to one where the trace data for a
particular RLB has changed over one clock cycle, and a zero where the trace data has not
changed. The ﬁmltiplexor MUX 2A, depending upon how it is configured in accordance
with signal SEL3, may pass the output of the XOR logic gate XOR A to the input of the
multiplexor MUX 3A. Depending upon how the multiplexor MUX 3A is configured in
accordance with signal SELA, it may pass the output of the XOR logic gate XOR A to

the input buffer BUF 1B of the neit module B.
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The various SEL signals work as | follovs}s in this illustrative embodiment. SELI1
determines whether the multiplexors MUX 1A, MUX 1B allow the trace data from their
respective RLB or the data from the previous module to pass. SEL2 determines whether
the ﬂip-ﬂqps FF1A, FF1B are enabled. SEL3 determines whether the multiplexors MUX
2A, MUX 2B pass the original trace data or the trace delta data outputted from the XOR
logic gates XOR A, XOR B. SEL3 may ‘t;e intermittently (periodically or aperiodically)
selected to allow the original trace data to be outputted by the scan chain 600 on less than
all of the clock cycles. For example, the original trace data may be output from the scan
chain 600 every one thousand clock cycles. SELA, SELB determiqe whether their
respe'ctive multiplexors MUX 3A, MUX 3B pass the data from the previous module or

the output of the respective multiplexors 2A, 2B. The scan chain 600 may further receive

.one or more clock signals for maintaining synchronization, and may be responsive to the

clock signals for reading the states of RLBs and/or outputting data.

As discussed previously, a delta detector may be used to detect deltas in data such as
trace data, design inputs, and/or design outputs. The delta detector may output one or
more signals indicating where in the input data the deltas are located. Such indication
may take the form of outputting a bit set to one where a delta is detected and a bit set to
zero where a delta is not detected. Alternatively, ;cl bit set to zero may be used td indicate
a ‘delta and a bit set to one may be used to indicate the lack of a delta. In either case, it

may be desirable at this point to count the number of detected deltas and/or to generate
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addresses associated with the locations of the detected deltas. The delta count and the

delta addresses may be used to aid in compression, as further described below.

Referring to Figure 8, an illustrative set of “event detectors” 801 (or, alternatively, a
single event detector) are shown that generate addresses of the deltas previously detected |
from the output of the delta detector 403 or 600. The illustrative event detector(s) herein
detect bits set to oné, however the event detector(s) may be easily configured to instead
detect bits set to zero or any other event. In general, an event is a bit or bit pattern
associated with a delta detected by the delta detector. For purposes of illustration only,
this ‘speciﬁCafion assumes that the event detectors 801 detect bits set to one. Each of the
event detectors 801 output addresses of the bits set to one that it detects. For example,
where the input set has N=256 bits, each of fhe event detectors 801 may receive a
different slice of the input set, such as thirty-two slices each having eight bits. Each of
the event detectors 801 therefore may generate a three-bit sub-address corresponding to
éach bit position in the corresponding slice of the input set that is set to one. Thus, for
instance, where the input portion is [0 0 1 0 0 0 0 1] and the bit positions are in sequence
from zero to seven,4the event detector .801 receiving this input portion may output sub-

addresses of [0 1 1] (bit position 3) and {1 1 1] (bit position 7).

The sub-addresses generated by the event detectors 801 may further each be offset 802 by

a constant value to generate a full address. For example, where three-bit sub-addresses

are used for eight-bit input sets, one or more bits may be added to each of the sub-

addresses to bring the total number of bits of the addresses to a sufficient number of bits
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to uniquely identify a bit out of all the global M input sets. Thus, each of the offsets 802
may add a different constant set of bits. For instance, a first offset may add the bits [0 0 0
0 0] to all received sub-addresses, such that where the sub-address being input is [0 0 1],
the resulting unique address would be [00000001]. Another offset may add the bits
[0 1 00 0] to all received sub-addresses, such that where the sub-address being input is [0
1 0], the resulting unique address would be [0 1 00 0 0 1 0]. The addresses output by the
offsets 802 preferably should have sufficient bits to uniquely identify N bit positions. For
instance, where N=256, each address should preferably be at least eight bits in length to
account for 256 possible bit positions. Once the full addresses are generated, they may
be merged (e.g., demultiplexed) 803 ir;to one or more bit streams as desired. As will be

described further below, these global addresses may be used to aid in compression.

According to a further embodiment as shown in Figure 12, a single event detector 1201
may be used for a relatively large number of bits in parallel. In this example, the event
detector 1201 can process 256 bits in parallel to produce the same output as the output of

803 in Figure 8.

The event detector(s) 801 and the event detector 1201 may be configured in a variety of
ways. For example, the event detectors 801, 1201 may be configured as full crossbars or

partial crossbars (e.g., a systolic event detector). Where the event detectors 801, 1201 are

* configured as a full crossbar, the full crossbar may include a phurality of layers of

multiplexors. Each multiplexor may process one of the input set bits set to one and may

output the address of the bit set to one.
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The full crossbar configuration provides a relatively simple approach to detecting events,

but may not always be the most efficient configuration. Instead, a systolic configuration -

- a partial crossbar -- may be used. Referring to Figure 13, the event detector 1201 may
be éonﬁgured as a partial crossbar and may include a plurality of multiplexors 1302, such
as 2:1 multiplexors. A register 1301 or other data storage device, may hold an input set
V. In the‘ shown embodiment, the set ¥ would be [1 0 0 0]. The subaddresses for input
set ¥ may be forwarded through the network of multiplexors 1302. Also, the input set V'
may be forwarded to a command matrix 1303 that generates control commands for the
multiplexors 1302. The multiplexors 1302 may be arranged as a series of layers M0, M1,
M2, etc. as necessary. In general there may be (width of V) - 1 layers. The multiplefcors
1302 may further be arranged as a series of rows that may be associated with a different

subaddress of the set V.

In the shown embodiment, there are three layers of multiﬁlexors MO through M2, which
would be the worst-case path. Also, in the shown embodiment, the subaddresses [0 0], [0
1], and [1 0] are each coupled to a different multiplexor in the MO layer. The subaddress
[T 1] in this case is not associated with a multiplexor row.  For example, where ¥V is
eight bits wide, the worst-case path would be seven layers of mulﬁplexors 1302: MO

through M6.

Each multiplexor 1302 may be configured to either pass a received subaddress or switch
the subaddress to a different row. The thick-lined path shown in Figure 13 shows the

path that the subaddress [1 1] may take in the present illustrative embodiment. This is
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because the set V includes a single bit set to one at subaddress [1 1]. Thus, subaddrésses
of the bits set to one (or zero, depending upon the évent to be detected) will travel row by
row upwarci in Figure 13 until they cannot travel any further. The multiplexors 1302 may
then ultimately output the subaddresses of the bits set to one, as shown by the thick-lined

path.

Once the subaddress(es) have been switched through the multiplexors 1302 (in this
example, subaddress [1 1] corresponding to the bit in ¥ set to one), they may be stored in
a register 1306 or other storage device. While the data is traveling through the
multiplexors 1302, the input set. V may also bé forwarded to a summer 1304 that sums the

bits in V (iﬂ this case, the sum equals one). The result of the summer 1304 may be

.forwarded to logic 1305 that computes a header indicating whether V is compressible.

This determination may be made based upon whether the result of the summer 1304 is

less than a threshold number. In the present example, the logic 1305 may generate a

- header such as [1 0]. The header and the data stored in the register 1306 may be

combined into the same or a different register 1307 to result in [1 0 1 1], from highest

order bit to lowest order bit.

The tables below illustrate a larger illustrative case where ¥V is eight bits wide. In
particular, Table 1 shows an exémple where V'=[110000 1 0], from highest order bit
V7 to lowest order bit V0, and shows the flow of data through the layers MO through M6
of multiplexors. Tables 2-8 show how the commands to operate the various multiplexors

may be generated. For example, the multiplexor at subaddress row 000 and Taver M0
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may receive a command L00 based on a logical combination of VO’ and V1, where VO’ =
NOT(V0). And, the multiplexor at subaddress row 001 and layer M1 may receive a
commend based on a logical combination of VO, as well as command L00 and the
command for the multiplexor. at subaddress 001 | and layer MO (i.e., LO1). In this
embodiment, where a command for a particular multiplexor results in a bit set to zero,
that multiplexor lets the input signal pass without changing rows. Where the command is
a Bit set to one, then that multiplexor switches the input signal to the next path (in the up

direction in the case of Figure 13).

Table 1
Set | Subaddress | MO | Ml M2 | M3 M4 | M5 M6
0 0 000 1 0 0| O 0 0 0
1 1 001 . 0 0 0 0 1 0
2 0 010 0 0 0 1 1
3 0 011 0 0 1 1
4 0 100 0 1 1
5 0 101 1 1
6 1 110 1
7 1 111
Table 2
MO

Subaddress | Logic A

000 L00=V0’ AND V1

001 101={V0 AND V1]’ AND V2

010 L02=[V0 AND V1 AND V2}* AND V3

011 L03 =[V0 AND V1 AND V2 AND V3]’ AND V4

100 104 ={V0 AND V1 AND V2 AND V3 AND V4)* AND V5

101 1.05=[V0 AND V1 AND V2 AND V3 AND V4 AND V5]’ AND V6

110 106 =[V0 AND V1 AND V2 AND V3 AND V4 AND V5 AND V6]’ AND V7

111 N/A '
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Table 3
M1
Subaddress | Logic
000 1.10 = [V0 OR L00]” AND 101
001 L11=[V1 XNOR L00] AND [L01 XNOR L10] AND L02
010 T.12 = [V2 XNOR L01] AND [L02 XNOR L11] AND 103
011 113 = [V3 XNOR L02] AND [L03 XNOR L12] AND L04
100 114 = [V4 XNOR L03] AND [L04 XNOR L13] AND L05
101 T.15 = [V5 XNOR L04] AND [L05 XNOR L14] AND 106
110 N/A '
111 N/A
Table 4
M2
Subaddress ' | Logic
000 L20 =[VQ OR LG0 OR L10}” AND L11
001 121 = [V1 XNOR 100} AND {101 XNOR L10] AND [L11 XNOR L.20] AND L12
010 122 = (V2 XNOR L01] AND {L02 XNOR L11] AND [L12 XNOR L21] AND L13
011 123 = [V3 XNOR L02] AND {L03 XNOR L12] AND [L13 XNOR 122] AND L14
- 100 124 = [V4 XNOR L03] AND {L04 XNOR L13) AND [L14 XNOR L2371 AND L15
101 NA ‘ ’
110 N/A
111 N/A
Table 5
M3
Subaddress | Logic
000 130 = [VO OR L00 OR L10 OR L20]* AND 1L.21
001 131 = [V1 XNOR L00) AND [L01 XNOR L10] AND [L11 XNOR 1L20] AND [L21
XNOR L30] AND 122
010 132 = [V2 XNOR L01] AND {L02 XNOR L11] AND fL12 XNOR 121] AND [L22
XNOR L31] AND 1.23
011 L33 = [V3 XNOR L02} AND [L03 XNOR L12] AND [L13 XNOR 1.22] AND {123
XNOR L32] AND L.24
100 N/A
101 N/A
110 N/A
111 NA
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Table 6
M4
Subaddress | Logic
000 140 =[V0OR L00 OR L10 OR L20 OR L30]® AND L31
001 TAI = [VI XNOR L00] AND [L01 XNOR L10] AND [L11 XNOR 1.20] AND [L21
XNOR 1.30] AND [L31 XNOR 140] AND L32
010 = [V2 XNOR L01] AND [L02 XNOR L11] AND [L12 XNOR L21] AND [L22
XNOR L1317 AND [L32 XNOR 1A41] AND L33
011 N/A
100 NA
101 N/A~
110 N/A
111 N/A
Table 7
M5
Subaddress | Logic
000 L50=[VOOR LO0 OR L10 OR 120 OR L30 OR LA0]’ AND 141
001 L51 =[V1 XNOR L00] AND [L01 XNOR L10] AND [L11 XNOR L20] AND [L21
XNOR 1307 AND {L31 XNOR 1A0] AND [L41 XNOR L50] AND 142
010 N/A
011 N/A
100 N/A
101 N/A
110 N/A
111 N/A
Table §
M6
Subaddress | Logic
000 160 =[V0O OR L0O0 OR L10 OR 120 OR L30 OR L40 OR L50]’ AND L51
001 NA
010 N/A
011 N/A
100 N/A
101 N/A
110 N/A
111 N/A
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[63] In an alternative embodiment, a full crossbar approach may be used. Shown below is an
| illustrative VERILOG routine for computing the command signals for a full crdssbar
128:1 multiplexor event detector that detects bits set to one. In these example, seven
command i)its per mux would be used. In the below routine, data_com_i is the incoming

128 bit word, and a,b,c,d,e.f,g, and h are intermediate signals. Also, cmd[6:0] are the
commands applied to the multiplexor, and are obtained by logically ORing together the

previous signals.

module LOG_COM (da?a__com__i, cmd);
input [127:0] data_com_i;

“output [6:0] cmd;
reg [127:0] a,b;
reg [63:0] c;

reg[31:0] d;
reg[15:0] e

reg[7:0] f
reg[3:0] g
reg[1:0] h;
integer  j;

always @(a,b,c,d,e,f,g,data_com_j) begin
a[0]= 1'b1;

for (j=1;j<=127,; j=j+1)
a[j]=a[j-1]&~data_com_i[j-1];

for (=0;j<=127, j=j+1)
b[j]=a[j]&data_com_i[j];

for (j7=0;j<=63; j=j+1)
clil=bl2*jlibl2*j+11;
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for (j=0;j<=31; j=j+1) .
dljl=c[2*j]le[2*j+1];

for (j=0;j<=15; j=j+1)
eljl=d[2*j}ld[2*j+1];

for (7=0;{<=7; j=j+1)
- flil=ef2¥lle[2%+13;

for (j=0;j<=3; j=j+1)
gli1=f12% 2% +1];

for (j=0;j<=1; j=j+1)
hijl=gl2*i]lg[2*j+1];
end // always

assign cmd[0] = (
b[0]{b[2][b[41[b[6][b[81b[10]fb[ 12][b[141{b[16][b[18][b[20](b[22][b[24][b[26](b[28]]
b[30][b[32][b[34]]b[361b[381Ib[40][b[42][b[441[b[46]b[481[b[50][b[ 52][b[ 54]b[56]
Ib[58][b[60]ib[62][b[64]1[b[6611b[681Ib[701(b[72](b[741{b[76]b[ 78][b[80][b[82]{b[84
1Ib[86](b[8811b[90][b[921b[941(b[96]1b[98]b[100]{b[102]b 104](b[ 106][b[ 108][b[ 1
10]b[112]b[114]}b[1 16]jb[118][b[120]jb[122][b[124]{b[126] )

| ~( -
b{1]Ib[311bI5Ib[71Ib[91b[ 1 11b[13]fb[15]b[1 7{b[191b{21]{b{23][b[25]b[27][b[29]]
b[31](b[33]b[35]Ib[371/b[39][b[41][b[431(b[451{b[47]b[491Ib[51]}b[53][b[S5][b[57]
[b[591jb[611jb[63]}b[651b[671b[69][b[71]Ib[731Ib[75][b[77]b[ 791/b[81][b[83][b[85
11b[8711b[89]/b[91][b[93]b[95]b[97]Ib[99]Ib[101]{b[103][b[105][b[107]{b[109]fb[ 1
117jb[113]jb[115]jb[117][b[119]jb[121]b[123][b[125]{b[127] ); :

assign cmd[1] = ( A
c[0]lc[2]lc[41lcl6]lc[8Tlel 10]jcf 1 2]jcf 14Tlc 16][c[18]|c[20]|c[22]|c[24]|c[26]|c[28]|c]
30]|c[32]|c[34]|c[36]Ic[38]|c[401jc[42]|c[441lc[46]|c[48]|c[50]c[ 52]jc[ 541|c[56] e[S
8]lc[60]|c[62] )

~(
c[11lcl31el 51l 7He[9Tlel 1 11lef13|e[15]lc[ 1 71le[191|c[21]|c[23}|cl25Tlc[27][c[29]|c]
31]|e[331|e[351|c[37]]c[391] |c[41]|c[43]|c[45]|c[47]lc[49]|c[51]|c[53]lc[55]|c[57]lc[5
9]Ic[611|c[63] );

assign cmd[2] = (
g%gg)lﬁigi?]ld[“]ld[él |a[81ld[107|d[ 12]|d[14]|d[16]|d[1 8_]ld[20] d[22]|d[24]|d[26]d[28]]

~(
d[l]ld[3]|d[5]|d[7]]d[9]|d[1 1]|d[13]|d[1 5]|d[171mr1 oHAr? 11dAr 24 sddar? 71drail
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d[31]);

assign cmd[3] = ( e[0]|e[2]e[41e[6]je[8]le[10]le[12]le[14] ) | ~(
e[1]le[3]le[51le[71le[9Tle[ 11]le[13]le[15] );

assign cmd[4] = ( f{O][2]1{[41If16] ) | ~( L 1IHT3IIHSIIT7] );
assign cmd[5] = ( g[0]g[2] ) | ~( g[11lel31 );
assign cmd[6] = h{0] | ~h[1];

endmodule

[64] An added complexity is operational frequency. At higher frequencies, such as 2OOMHz,
it may be desirable to pipeline the network, for either the systolic or full crossbar
embodiments. This would make delta detection more sequential than expected, since far
end bits may come out of the network at a later time than near end bits. For large delta

- detection, a full crossbar may have less stages than systolic delta detection, so a full
crossbar approach may use less pipelining and may thus be less sequential. When
pipelining, it should be remembered that a switch or mutliplexor should be configured
before it is traversed by data. There may be a first 'wave' of command signals ( from the
command matrix or other controller) going through a command pipeline, and a second
wave of data bits. The depth of the m@md equations may vary, causing timing closure

problems that may be resolved or reduced with pipelining.

i

A Numerical Example

[65] A specific example of how trace data may be compressed is now discussed. Assume that

an emulation system includes a plurality of reconfigurable logic chips, and that each
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reconfigurable logic chip has N=256 parallel scan chains each providing either a trace set
or a trace delta set (depending upon whether a delta detector is integrated into each scan
chain or coupled to the end of each scan chain). Assuming for the moment that a delta
detector is coupled to the end qf each scan chain, and each scan chain generates a single A
trace set for each user clock cycle. In the present‘ example, assﬁme that each trace set for
each user clock cycle’is M=16 bits in length. Thus, each trace set would contain M=16
bit positions per user clock cycle. Each bit position m corresponds to a different state

element coupled along the scan chain within the reconfigurable logic chip.

With the abo{re assumptions in mind, Table 9 shows an example of trace sets that may be
generated within one reconfigurable logic chip over one user clock cycle ~=0. For
instance, trace set #=3, also known as T3 in Figure 5, contains the data [0 011110011
111100]. Also, trace set Tp contains thedata[1111100111111111].
TABLE 9
Bit Position m (M = 16) for t=0
0l1{2|3|4({5{6[7|8[9|10{11(12|13}14}15
N
5 o j1j1j1y1¢y1j010}1|j1j1}jrjrjry1y1q1
[N~
g 1 jo(oj1{0(0(0|0j1{0f0ojo0j0f0jl0j0;0
2 o
;J;;‘Qlellllllllllllll
§%30011110011111100
S s fofofojolojlojojojlojojo]jojofo]o]o
Q "
wsslolololilil1lilalil st abalalala
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Table 10 shows an example of trace sets that may be generated within one reconfigurable
logic chip over one user clock cycle #=1.
TABLE 10
Bit Position m (M = 16) for t=1
0|1]2({3|4|5|6|7|8|9|10{11]{12|13]|14]15
N o frfafafaltfafofolafela]1]1]1]1]1
3 :
- § 1(0(0[0j1]0j0f{0|O0O{1|0O]010{0(0O}O01]0O
s @
¥R /208 I U T T T U T A U O A (T O T IO O IO
a2y :
g 3 3jojofojrfry1ryryofof1rj1rfrjiryi1jiryo
a 41ofojojofojojojolofojloflo]o|o|o]o
Q
E . . .
253404010} 0 1ty j1j1rj1}j1]1101o
Table 11 represents the trace delta sets that are generated by the delta detectors in the

present example. Table 11 shows, for example, that the trace delta set 7D,
(corresponding to trace set T3 from Table 9) contains the binary data[00100010100
0001 0]. Trace delta set TDy cdntains the binary data (0000010100000 0 0 0].
In this example, both 7Dy and 7D; contain substantially more zeros than their
counterparts T and 73. In general for trace data obtained from an emulator, it can be
expected that delta detection will result in a substantial percentage of the trace delta set
bits being the same (in this case, zero). This means that compression of the trace delta

sets generally becomes much more efficient than compression of the trace sets. The
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result of the delta detectors as shown in Table 11 in this example is effectively a two-

dimensional array of data that has been prepared for more efficient compression.

Trace Delta Data Set Number

TABLE 11

Bit Position m (M = 16) for t=1

0{1]|2{3|4|5]6|7|8|9|10]/12]12]13]14]15

o lolofloflolol1lo[1]oflololololo|lo]o
{r]ojojrjrjojojoj1j1jojlojojojofo|0
S 2 [ololo]o|o|o]o]ofololo]o]|o]o]o]o
§%300100010100000‘10
4 Jojojojololo|o]o|o]lolof[o]lof[o]lo0]o0
25510foflof1]o]oflofloloflo{oloflol1]o]o0

The trace delta data may be compressed in a variety of ways. For example, compression
may take place across the trace delta sets, i.e., on a column-by-column basis in Table 11.
Alternatively, compression may take place within trace delta sets, i.e., on a row-by-row
basis in Table 11. In one illustrative embodiment that corr;presses across trace delta sets,
M (in this example, sixteen) compressed data sets may be generated, each corresponding
to one of the bit position columns of Table 11. Thus, a first set'of data containing the
first bit position (m=0) of each of the M trace delta data sets is compressed, a second set

of data containing the second bit position (m=1) of each of the M tface delta data sets is

. compressed, and so on. Referring to Figure 9, flags, such as headers, may be added to
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some or all of the compressed data sets to indicate the compression status, type of
compression, length of the data set, and/or other characteristics. The flags may be of any
éize or format. For instance, where the delta data to be compressed is all zeros, then that
data may be represented only as a first flag 901 (such as a single zero bit). A second flag
902 (such as binary [1 0], for example) may indicate that the immediately following Byte
904 indicates the number of total bits in a particular set of compressed‘data that are set to
one. Then the addresses 905 (e.g., where each address may be the index #) of each trace
se£ corresponding to ﬁibse bits set to one may follow. A third flag 903 (such as binary [1
1], for example) may indicate that the immediately following N bits 906 . are

uncompressed.

An illustrative result of such compression is shown in Table 12. Assume that all of the
bits in the m=0 column of Table 11 are sét to zero. In such a case, as shown by Table 12,
-the corresponding compressed data set m=0 would simpiy contain a single zero-bit flag.
As another example, the m=2 column of Table 11 contains several bits set to one
including those bits generated by trace data sets #=1 and n=3. The values of n may be
considered identifiers (e.g., addresses) of the trace data sets, and so the identifier for the
n=1 trace delta data set may be the binary value of 1 (binary [0 0 0 0 0 0 0 1]) and the
address (which may be generatgd as described in connection with Figure 9) for the n=3
trace delta data set may be the binary value of decimal 3 (binary [0 00000 1 1]). The
compressed data set m=2 may thus contain a flag 902 (e.g., binary [1 0]) indicating that

compressed data is to follow, as well as an indication 904 of the number of bits set to one
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in the m=3 column (in this case, assume nine, binary [0 0 0 0 1 0 0 1]), and then the nine
addresses for the trace delta sets whose m=2 bits are set to one (including, among others,

n=1, or binary [0 000 0 0 0 1], and #=3, or binary [00 0.0 00 1 1]).

TABLE 12

Content

0
0
10 00000001 00000011 ...
10 00000001 ... 11111111
0

o WIiIN -~

8 1101010...0

Compressed Set Number m
(M streams)

15 0

[71] It is assumed for this example that all of the bits in the set m=4 are set to zero. Thus, a
minimum number of bits (e.g., one bit) may be used to represent this all-zero state. In
this example, a flag of‘ [0] is used to indicate an all-zero state. Where m=8 in the present
exanﬁple, assume that the data changed back and forth sufficiently (i.e., a large number of
deltas) such that compression would not be very useful. In Table 12, the flag [1 1] for
m=8 thus indicates that the N bits following are uncompressed. This may be desirable
where there are a sufficient number of bits set to one such that providing addresses (as

where m=2) would actually either not decrease the amount of data, or would even
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increase the amount of data, required to otherwise express the uncompressed bit set. For
instance, where the addreéses of the bits in a particular data set m that are set to one afe
each eight ‘bits long, and N=256, then to compress a delta data set having thirty-three bits
set to one may require (8x33)+2 = 266 bits. It therefore would aétually require less data
volume in this situation to simply leave the data set m uncompressed (or choose another
type of cpmpression) for a total of not more than 256+2 = 258 bits. In general, it is
preferable to compress a data set m in this manner only where (4xB)+F+G < (or <) N,
w};ere A is the length of each trace delta set address, B is the number of bits set to one in
data set m, F is the length of the flag used, if any, to represent compressed data, and G is
the iength of the indicator 904. Figure 10 illustrates an illustrative format of how the

compressed delta data of Table 12 may be expressed.

{72} It has been found that the emulation trace data may be expected to be significantly
compressed when compressed as despribed above. In fact, tests have shown that a typical
design produced trace data that was compressible in accordance with the present
invention by as much as forty to sixty-fold. It is anticipated that even the typical worst-

case compression would be about three-fold.

Compaction and Equalization

[73] During an emulation run, some or all of the state elements in an integrated circuit chip
may be traced. As mentioned previously, each integrated circuit chip may include a

plurality of scan chains. Each scan chain may be configured to be able to receive trace
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data from each of a plurality of RLBs. For example, presume that a particﬁlar scan chain
in a chip is configured to be able to receive trace data from up to X number of RLBs
within the chip. However, that scan chain may be configured in a particular scenario to
receive trace data from only some of the X RLBs. Thus, in that scenario, less than X
RLBs may be traced while the other RLBs for that scan chain are ignored. Where
different scan chains on the same chip are conﬁgured to trace different numbers of RLBs,
the result is a plurality of trace data sets of different lengths. However, as discussed
previously, it is desirable (but not required) that the plurality of sets are each of the ‘same

bit Iength. It is easier to compress across trace sets that are each of equal length.

To obtain trace sets of equal length, the scan chain may be configurable to pick and
choose certain of the RLBs from which to receive trace data. In the embodiment of
Figure 6 for example, the configuration of MUX 1A and/or MUX 3A determines whether
or not trace data from RLBA will be received by Module A. If MUX 3A is configured to
receive input 0 instead of inpﬁt 1, then Module A, and the trace data from RLB,, are
effectively bypassed. By configuring the various MUXes along the scan chain, the scan

chain may selectively receive trace data from certain of the RLBs.

A result of bypassing modules of scan chains is shown in Figure 7. Assume, for
example, that each of two hundred fifty-six scan chains of an integrated circuit chip is
thirty-two bits in length. That is, each scan chain isﬁ configured to be able to receive trace
data from up to thirty-two RLBs. Further assume that at least some of the scan chains are

configured to actually receive trace data from less than thirty-two of the RLBs. For
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example, a first scan chain may be configured to receive trace data from only twelve of
its RLES, a second scan chain may be configured to receive trace data from only sixteen
of its RLBs, and a third scan chain may be configured to receive trace data from only five
of its RLBs. This is illustrated on the left side of Figure 7, which shows several
horizontal rows of circles each representing one of the thirty-two modules of a respective
scan chain. Each of the circles may also be thought of as representing a different clocked
serial output of the respective scan chain. Circles having the letter “T"’ within represent
trace data, while circles that are blank represent clocked data corresponding to a bypassed

scan chain module (i.e., no trace data).

The right side of Figure 7 illustrates the result of compacting and equalizing the outputs -
of the scan chains. Assume, for example, that the maximum number of trace data bits
(the number of which may be used as the constant M/ mentioned herein) output from any
of the scan chains is sixteen bits. Thus, even though each of the scan chains output
thirty-two bits of data, sixteen or less of those bits are trace data bits. The ‘remaining{ bits
(i.e., the blank circles in Figure 7) are not of interest and can be ignored. The data output
from each scan chain (which may be trace data or trace delta data) may be compacted by
removing the garbage bits, leaving only the trace data bits. Then, the data output from
each scan chain may be equalized by adding constant bits as required to bring them to a
total of M (which equals sixteen in this example) bits. The constant bits, which Aare
represented in Figure 7 as circles containing the letter “C,” may be added anywhere

within the sequence of trace data, but preferably are added to either the beginning or end
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of the sequence. For instance, the compacted éutput of the first scan chain, which has
only twelve bits of trace data (or trace delta data), may have added to it four constant bits.
The compacted output of the second scan chain, which has sixteen bits of trace data (or
trace delta data), does not require any constant bits to be gdded. The compacted output of
the third scan chain, which has five bits of trace data (or trace delta data), would require
eleven constant bits added thereto. The result is a plurality of scan chain output sets of
the same bit length M. The resulting compacfed and equalized sets may then be

compressed such as described previously.

While exemplary systems and methods 'as described herein embodying various aspects of
the present invention are shown by way of example, it will be understood, of course, that
the invention is not limited to these embodiments. Modifications may be made by those
 skilled in the art, particularly in light of the foregoing teachings. For example, each of the
elements of the aforementioned embodiments may be utilized alone or in combination
with elements of the other embodiments. In addition, the invention has béen defined
using the appended claims, however these claims are exemplary in that the invention is
intended to include the elements and steps described herein in any combination or sub
combination. It will also be appreciated and understood that modifications may be made
without departing from the true spirit and scope of the invention. For example, where
bits of data are discussed as being set to zero or one, such zeros and ones may be

reversed.

42



WO 2004/109765 PCT/US2004/017402

We claim:
1. A method comprising compressing emulation trace data outside of a workstation.
2. The method of claim 1, wherein the step of compressing includes compressing the

emulation trace data using delta compression.

3. The method of claim 1, further including steps of:
genérating the emulation trace data, the emulation trace data representing states
within an integrated circuit chip; and
providing the compressed emulation trace data to a pin of the integrated circuit
*chip,

wherein the step of compressing occurs within the integrated circuit chip.

4, The method of claim 3, further including a step of storing the compressed

emulation trace data in storage outside of the integrated circuit chip.

5. In an emulation system, an integrated circuit chip including a scan chain disposed
therein, the scan chain configured to receive a set of first data representing states of a plurality of
configurable logic blocks of the integrated circuit chip at a first time and a set of second data
representing states of the plurality of c'onﬁgurable loéc blocks at a second time, the scan chain
further configured to output a set of second data representing whether a delta has occurred

between the first set of data and the second set of data.
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6. The integrated circuit chip of claim 5, wherein the integrated circuit chip is an

application-specific integrated circuit (ASIC).

7. The integrated circuit chip of claim 5, wherein the integrated circuit chip includes
reconfigurable logic.
8. The integrated circuit chip of claim 5, wherein the scan chain includes an XOR

gate having a first input coupled to an input of a flip-flop and a second input coupled to an output

of the flip-flop.

9. The integrated circuit chip of claim 8, wherein the scan chain includes a
multiplexor having a first input coupled to an output of the XOR gate and a second input coupled

to the input of the flip-flop.

10. The integrated circuit chip of claim 5, wherein the scan chain receives a clock and
is further configured to intermittently output data representing states of at least some of the

plurality of configurable logic blocks on fewer than all clock cycles.

11. A method for preparing emulation trace data of an integrated circuit chip for
cdmpression, comprising steps of:
receiying emulation trace data of the integrated circuit chip;
generating first data comprising N first sets each M bits in length, each first set

representing where deltas have occurred in the emulation trace data; and
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generating second data comprising M second sets, each second set representing a

different cross section of the first sets.
12.  The method of claim 11, further including a step of compressing the second sets.

13. The method of claim 12, wherein the step of compressing includes a step of
determining for each of the second sets whether that second set represents at least a threshold

number of deltas.

14.  The method of claim 13, wherein the step of compressing is performed only for

any second set that does not represent at least the threshold number of deltas.

15.  The method of claim 13, wherein the step of compressing includes:

" generating a compressed data set for at least some of the second sets, Whereiﬁ
those portions of the compressed data set that correspond to second sets representing at least one
delta but not representing at least the threshold number of deltas include a first predetermined
flag; and

adding a second predetermined flag, different from the first predetermined flag, to

each of the second sets that represent at least the threshold number of deltas.

16.  The method of claim 15, further including a step of determining for each of the

second sets whether that second set represents zero deltas, and if so then compressing that second
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set by generating a third predetermined flag different from the first and second predetermined

flags.

17.  The method of claim 11, wherein the step of generating the first data includes
adding at least one constant bit to at least one of the first sets, thereby resulting in each of the
first sets being M bits in length.

18.  The method of claim 11, further including steps of:

generating a compressed data set for at least some of the second sets; and

forwarding the compressed data set through a time-averaging buffer.

19.  The method of claim 18, wherein the time-averaging buffer including a buffer

having a depth of at least 3xNxM bits.

20.  The method of claim 18, further including a step of forwarding an output of the

time-averaging buffer to a memory.
21.  The method of claim 11, wherein N>1.
22.  The method of claim 11, wherein M>1.

23.  An emulation system comprising:

46



WO 2004/109765 PCT/US2004/017402
a plurality of integrated circuit chips, each integrated circuit chip including
reconfigurable logic, each chip outputting compressed emulation trace data; and -
a storage device configured to store the compréssed emulaﬁon trace data from the

integrated circuit chips.

24.  The emulation system of claim 23, wherein each of the integrated circuit chips is

an application—speciﬁc integrated circuit (ASIC).

25.  The emulation system of claim 23, wherein each of the integrated circuit chips
further includes a compression circuit configured to generate the compressed emulation trace
data and a first-in-first-out buffer configured to transfer the compressed emulation trace data out

of the integrated circuit chip at no more than a predetermined maximum bandwidth.

26.  An emulation system comprising:
means for emulating a circuit design;
means for obtaining emulation trace data in connection with the'circuit design
during emulation; and

means for compressing the emulation trace data.

27.  The emulation system of claim 26, further including means for storing the

compressed emulation trace data.
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28.  An emulation system in communication with a workstation via a communication
channel, the workstation being on one side of the communication channel, the emulation system
comprising:
an emulator configured to generate trace data; and
a trace compressor coupled to the emulation resource and configured to compress
the trace data,
wherein both the emulator and the trace compressor are on the other side of the

communication channel.

29.  The emulation system of claim 28, wherein the emulator and the trace compressor

are both disposed in a same integrated circuit chip.

30.  The emulation system of claim 28, wherein the emulator comprises a first

integrated circuit chip and the compressor comprises a second different integrated circuit chip.

31.  An emulation system comprising:
a housing;
an emulator disposed within the housing and configured to generate trace data;
and
a trace compressor disposed within the housing, coupled to the emulator, and

configured to compress the trace data.
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