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DESCRIPTION JPH11149489A

[0001]

13 BACKGROUND OF THE INVENTION 1. Field of the Invention The present invention relates to a
simulation apparatus that can automatically simulate operation timing, which has been
difficult in the past, when simulating a processor or the like.
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[0002]

25 [Prior Art] Conventionally, processor instruction set simulators (also referred to as simulation
models) have been broadly divided into simulation models written in HDL (Verilog, VHDL, etc.)
and simulation models written in C language. .
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[0003]
37 However, simulation models written in HDL (Verilog, VHDL, etc.) have low processing
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performance and usually lack a debugging function, making it difficult to use them for

software development.
4200000000VerilogVHDLO O OOOOOOOODODODODOOOOOODDOOOOO0OOOOO
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[0004]

48 Therefore, simulation models written in C language are generally used for software
development.
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54 This simulation model in C language further includes an instruction-level simulator that can
simulate only the functional aspect, and a cycle-level simulator that can simulate not only the
functions but also the operational timing of which processor instructions are executed and
when. It can be classified into two types: accurate simulators and accurate simulators.
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[0005]

68 When developing software with strict timing constraints and co-verifying HW (hardware)/SW
(software), an instruction-level simulator that can only simulate functionality cannot perform
sufficient simulations, but it is also possible to simulate operational timing. A cycle-accurate
simulator was needed.
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[0006]
82 Here, a conventional cycle-accurate simulator will be explained.
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[0007]

90 Conventionally, when simulating operation timing with a cycle-accurate simulator, a program
for simulating the operation timing was created and the program was executed on the cycle-
accurate simulator to simulate the operation timing.
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99 There were two ways to create the program: one was created by converting the HDL
description into C language, and the other was created by hand.However, when converting
from HDL description to C language, software simulation Because they contain unnecessary
structural descriptions, they have the problem of slowing down processing speed, so they are
often created manually.

iosUO0O0O0OOOOO0OO0O0O0OO0O0O0O0O0O0OO0OO00O00O00OO0O0O00O0HOOO0OO0OO0O

oot doiooooboodododoooooooouodod
oot doiooooboodododoooooooouodod
godooooboooodotdodoooooouododgon

[0008]

114 [Problem to be Solved by the Invention] However, in order to create a program that simulates
the operation timing manually as described above, there is a problem in that a large number
of man-hours are required for its development (particularly the implementation and
verification of the operation timing). There was a point.
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[0009]

127 When creating a program manually, the program is first created based on the specifications
of the processor to be simulated, but the functional aspects of simulation are usually clearly
stated in the specifications. , it was possible to easily implement/verify it manually (for
example, it could be implemented/verified in about a week).
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138 On the other hand, regarding the operational timing, a large number of man-hours were
required for implementation/verification (for example, it may take about one year).
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[0010]

148 The reason why this large amount of man-hour is required is that, firstly, it takes a lot of time
for the person creating the program to understand the specifications, and secondly, all the
operation timings are based on the specifications. It may not always be written down in
books, and it may take a great deal of effort to find the parts that are not written down.
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159 Furthermore, there are cases in which specifications for operation timing are not written
down at all, and in such cases it is very difficult to implement operation timing itself.
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[0011]

169 The present invention has been made in view of the above circumstances, and its purpose is
to automate the implementation of operation timing, which previously required a lot of
effort, in the case of simulation, and to make it possible to automate the implementation of
operation timing, which previously required a lot of effort. An object of the present invention
is to provide a simulation device that enables simulation of operation timing even when the
operation timing is unknown.
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[0012]

185 [Means for Solving the Problems] In order to achieve the above object, a simulation device
according to the first invention includes an input means for inputting a program for setting
operation timing and a program to be simulated, and an input means for inputting a program
for setting operation timing and a program to be simulated. Program counter/clock cycle
number correspondence that executes the input operation timing setting program and
generates a program counter/clock cycle number correspondence table that shows the
relationship between the number of clock cycles and the program counter of each stage of
the pipeline. An instruction to execute a program for setting operation timing and a program
to be simulated by referring to the table generation means and the program counter/clock
cycle number correspondence table generated by the program counter/clock cycle number
correspondence table generation means. Operation timing information that represents the
number of stall stages that occur due to the relationship between the preceding instruction
and the following instruction, by referring to the level simulator, the information output from
this instruction level simulator, and the program counter/clock cycle number
correspondence table. and a stage state reproduction means that reproduces the stage state
at each clock cycle number by referring to the operation timing information generated by the
operation timing information generation means and information from the instruction level
simulator. and an output means for outputting the stage state reproduced by the stage state
reproduction means.
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[0013]

225 According to this first invention, it is possible to automate the development of a simulation
program in an instruction set simulator, which conventionally took a lot of time and effort,
especially the simulation of operation timing, so the time required for simulation can be
automated. It can be significantly shortened.
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236 Furthermore, in the past, it was impossible to simulate the operation timing of a processor to
be simulated or a processor for which only an HDL description existed and specifications
regarding the operation timing were unknown; however, the simulation apparatus of the
present invention According to this, it is possible.
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[0014]

249 In the simulation device according to the second aspect of the invention, when the instruction
level simulator does not have a cache table, the operation timing information includes
information on the instruction cache miss rate and information on the data cache miss rate.
The feature is that an expected latency value is generated by multiplying the cache miss rate
or the data cache miss rate by the memory latency, and this expected latency value is added
to the number of clock cycles.

e D UUOOOOOODODDODOOOOOOOOODOO0OOOLODLOLOOUOO0OOOLbLbLOOOn
guooobobbtooooooobboogoobbbbouooooobbbooooon
guooobobbtooooooobboogoobbbbouooooobbbooooon
guooobobbtooooooobboogoobbbbouooooobbbooooon
guoobbbtoooooobobuooooobbbooo

[0015]

266 According to this second invention, even if the instruction level simulator does not have a
cache table, by maintaining the cache miss rate, a real number can be used for the number of
clock cycles and added in the form of an expected latency value. | can do it.
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275 This makes it possible to obtain an accurate number of clock cycles even when a cache table
is not provided, speed up simulation processing, and reduce memory usage.
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[0016]

285 The simulation device according to the third invention is characterized in that the program
counter/clock cycle number correspondence table generation means adds a refill request
from the data cache or the instruction cache to the program counter/clock cycle number
correspondence table.
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[0017]

298 According to this third invention, by detecting Refill requests from the data cache and
instruction cache, the simulation device itself can recognize bus contention without
preparing a special program. In addition to saving time and effort, it becomes easy to identify
the number of stall stages and the cause thereof.
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[0018]

312 The fourth aspect of the invention is a simulation device, characterized by comprising
comparison means for comparing the number of clock cycles of the stage state outputted
from the stage state reproduction means and the number of clock cycles in the program
counter/clock cycle number correspondence table. do.
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[0019]

325 According to the fourth invention, the comparison means compares the number of clock
cycles of the PC/CC correspondence table generated by the PC/CC correspondence table
generation means and the number of clock cycles of the stage state reproduced by the stage
state reproduction means. By providing , a more accurate number of clock cycles can be
obtained.
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[0020]

340 DESCRIPTION OF THE PREFERRED EMBODIMENTS An embodiment of a simulation apparatus
according to the present invention will be described below with reference to the drawings.
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[0021]
350 FIG. 1 is a block diagram showing the configuration of a simulation apparatus according to
this embodiment.
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[0022]

359 As shown in FIG. 1, the simulation apparatus of this embodiment includes an input means
100 for inputting a program for setting operation timing, a program to be simulated, and
architecture information necessary for processing; A PC/CC correspondence table generation
means 210 generates a PC (program counter)/CC (clock cycle number) correspondence table
according to a program for setting the input operation timing, and a PC/CC correspondence
table generation means 210 generates the correspondence table. An instruction level
simulator 220 executes the program input by the input means 100 using the PC/CC
correspondence table, and obtains operation timing information from the information output
by the instruction level simulator 220 and the PC/CC correspondence table. and a stage state
that reproduces the stage state of the pipeline at each clock from the operation timing
information generated by the operation timing information generation means 230 and the
information output by the instruction level simulator 220. It consists of a reproduction
means 240 and an output means 300 that outputs the stage state reproduced by the stage
state reproduction means 240.
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[0023]
392 The instruction level simulator 220 also has a cache table 225.
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[0024]

400 Note that the input means 100 includes a keyboard, a mouse, a light pen, a flexible disk
device, etc., and the simulation means 200 is an ordinary type having a CPU for performing
various processes and a storage means for storing instructions for this processing. The
device includes a computer system, and the output means 300 includes a display device, a
printer device, and the like.
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412 Instructions and timing constraints for each process of the PC/CC correspondence table
generation means 210, instruction level simulator 220, operation timing information
generation means 230, and stage state reproduction means 240 included in the simulation
means 200 are held in a storage means, It is loaded into the CPU and executed as necessary.
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423 Normally, execution is controlled by an operator inputting a command to the input means
100.
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[0025]
433 Next, the operation of the simulation apparatus of this embodiment will be explained.
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438 FIG. 2 is a flowchart showing the operation of the simulation apparatus of this embodiment.
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[0026]

446 First, a program P1 for setting operation timing and architecture information are input from
the input means 100 (S01).
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453 The architecture information includes information such as the number of pipeline stages of
the processor, information on input or output operands for each instruction, and cache size
and method.
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[0027]

464 The program P1 for setting operation timing is a program that includes various stall causes,
such as cache misses and data hazards, and is input to obtain information on how many
stages of stalls occur due to each stall cause. It is something that will be done.
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[0028]
476 Here, an example of the program P1 for setting the operation timing is shown in FIG.
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481 Program A in Figure 3 is an example of a program with no cache misses and a data hazard,
program B is an example of a program with a data cache miss and a data hazard, and
program C is an example of a program with a data cache miss. This is an example of a
program where there is an instruction cache miss.
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[0029]

495 In this way, when the program P1 for setting operation timing including various stall causes
is input, it is sent to the PC/CC correspondence table generation means 210 and the
instruction level simulator 220.

4000 00O0O0O0O0OOOODODOOO0OOODOOO0O0O0O0OOLObLbLObOO0ooobLbbuuoo

05-10-2023 12
Cadence Design Systems, Inc. - Ex. 1026, Page 00012



guooobobbtooooooobboogoobbbbouooooobbbooooon
U

[0030]

507 The PC/CC correspondence table generation means 210 to which the program P1 is sent
generates a PC/CC correspondence table corresponding to the stall causes included in each
program.

sud0d0ddodddooddoodoooudooodoouuoooooooodood
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[0031]

518 This PC/CC correspondence table generation means 210 is configured by a processor to be
simulated, an application system including the processor, or an HDL simulator, so that when
the program P1 for setting operation timing is inputted, , it is possible to obtain information
about how stalls caused by each stall cause affect each stage of the pipeline, and create a
PC/CC correspondence table based on this information.
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531 For example, when program A in Figure 3 is input, a PC/CC correspondence table is generated
with no cache miss and data hazard, and similarly when program B is input, there is a data
cache miss. , a PC/CC correspondence table is generated when there is also a data hazard,
and a PC/CC correspondence table is generated when there is a data cache miss and an
instruction cache miss when program C is input (S02). .
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[0032]
547 Here, the PC/CC correspondence table will be explained based on the example of FIG. 4.
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[0033]

555 The PC/CC correspondence table in FIG. 4(a) shows the stage state of the pipeline at each
point in time of the number of clock cycles.

sssU 0000000000000 0O000OO00O0000O0000O0000L0O00ooOo0ogoon
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562 Each stage of the pipeline is F for fetch, D for decode, E for execute, M for memory access,
and W for write back.
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569 FIG. 4(a) is a PC/CC correspondence table for the program in FIG. 4(b), and the program
counter value of each instruction is the value shown in FIG. 4(b). - For simplicity, the CC
correspondence table shows only the last three digits of the program counter value in FIG.
4(b).
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[0034]
582 The PC/CC correspondence table in FIG. 4(a) shows that when the number of clock cycles is
101, the 13C instruction, that is, the addi instruction, cannot perform the E stage and a one-

05-10-2023 14
Cadence Design Systems, Inc. - Ex. 1026, Page 00014



stage stall occurs. | understand.
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[0035]

594 Apart from the PC/CC correspondence table generation means 210 that generates such a
PC/CC correspondence table, the operation timing setting program P1 and architecture
information inputted from the input means 100 in step SO1 are sent to the instruction level
simulator 220. will also be sent.
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604 The instruction level simulator 220 reads one instruction of the sent operation timing setting
program P1, obtains the program counter of the PC/CC correspondence table, decodes the
instruction, and sends the information to the operation timing information generation means
230. (S03).
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[0036]

617 The operation timing information generating means 230 to which this information has been
sent reads the corresponding line of the PC/CC correspondence table and obtains the
number of clock cycles at the time of the relevant instruction (S04).
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625 Then, operation timing information at the time of the instruction is created and updated from
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information such as the instruction, the number of clock cycles at the time of the instruction,
and the previous instructions and the number of clock cycles (SO5).

20000 000000O0DOODODOOOOOOODODOODODOOOOOOODODDOODODOOOOOOO
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
oooooo

634 The processing from step SO3 to step SO5 is repeated for all instructions of the program for
setting operation timing (S06), and when all instructions are completed, operation timing
information is generated (SO7).

e300 0000000O0DOODODOOOOOOODDOODODOOOOOOODDODOODODOOOOOOO
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
O0o00oo0oo0Oo0o00oooon

[0037]
646 Here, the operation timing information will be explained based on the example of FIG. 5.

ecasJUULUOOODOUOOO0OOOOOODOO0O0O0OOOODbOO0O0O0n

651 The operation timing information represents the relationship between the preceding
instruction and the following instruction, and in Figure 5, the preceding instruction is shown
vertically and the following instruction is shown horizontally, and the numbers in the figure
are stalled. Represents the minimum number of stages.

56 1000000000000 DOO0ODOOOODO0OOOOODODO0ODOOOODDOOOOOOOD
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
O0o0oooooag

661 Additionally, if there is a cache miss or bus contention, a list is added.

e ULUOODDODOUOOOOLODLODODOOOOOLOOLOOUO0OOoooobbn

666 FI1G. 5 shows that when the preceding instruction is a mult instruction and the following
instruction is also a mult instruction, a stall with a stage number of "1" occurs.
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673 Further, when the preceding instruction is an lw instruction and the following instruction is a
mult instruction, a cache miss occurs and a two-stage stall occurs.

76 1000000000000 DOODOOOODOODOOODODODOODOOOODOOODOOOOD
000000000000 DOO0o0O0o0OooDbOOooooon

[0038]

683 Next, a description will be given of how this operation timing information is created using the
PC/CC correspondence table and information from the instruction level simulator.

s 1000000000 O0O0ODO0DO0ODOOOODOODOOODODODOODOOOODDODOODOOOOD
00000000 DbO000OO0oOoDobOOoOooooooa

[0039]

693 Taking the PC/CC correspondence table of FIG. 4(a) and the program of FIG. 4(b) as examples,
first referring to the program of FIG. 4(b), the lw instruction and the mult instruction are
executed in the order of Referring to the PC/CC correspondence table in 4(a), there is a
particular stall between "134", the last three digits of the program counter of the Ilw
instruction, and "138", the last three digits of the mult instruction. | can see that there isn't.

oo 100 000DO0ODOOODODOODOOODODOODOOODODOODOOOODDOODOOOOD
000000000000 DOO000O00D0DO0o0bOOo0oo0bOO0o0bOoOOooDOoOooDoDa
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
oooad

[0040]
709 Therefore, the operation timing information generating means 230 writes "0" as the number
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of stall stages in the column where the preceding instruction is the Iw instruction and the
following instruction is the mult instruction, as shown in the operation timing information of
FIG.

71740 0000000000000 0DOOOOOOODOOODODODOODOOODODOOODOOODODOOd
000000000000 DOO00D0O00D0DO0o0bO000oDbOOo0oOoOooDbOOoOoooOOon
O0o000oDOOoOoooooo

[0041]

722 Next, when referring to the program in FIG. 4(b), the addi instruction is executed next to the
mult instruction, and when referring to the PC/CC correspondence table in FIG. 4(a), the
number under the program counter of the mult instruction is It can be seen that one stage of
stall occurs in the row where the number of clock cycles is "101" between the digit "138" and
the last three digits of the addi instruction "13C".

e OOOODOOODDODOOOOOOODDOOODDODOOOOOOODDODOODODOOOOOOODODOO
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
00000oODOoO0000ddobDoObObOo000o00oooDooOoDoO00o0Ooooo

[0042]

737 Therefore, the operation timing information generating means 230 writes "1" as the stall
stage number in the column where the preceding instruction is the mult instruction and the
following instruction is the addi instruction, as shown in the operation timing information of
FIG.

720000000000 00000DO00OOOO0DOOODODODOODOOODODOOODOOODODOOd
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
ooodooooo

747 However, the number of stall stages written here represents the minimum value, and if there
is another cause of stall, the number of stall stages will increase.

000000000000 000DOO00OOOOO0DOO0ODODOO0ODOOODODOOODOOODDOOd
000000000000 bOO0o0bOoOoOooDOoOoooa
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[0043]

757 Further, when receiving information that a cache miss has occurred from the cache table 225
of the instruction level simulator 220, the operation timing information generation means
230 adds the information as a list to the operation timing information, as shown in FIG. do.

7:000000000000000DOO00OOOOO0DOOODODODOODOOODODOOODOOODODOOd
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
000000000000 DO00DOO00b0OOoobOOooooon

766 In this way, the operation timing information generation means 230 creates operation timing
information as shown in FIG.

76000 000000DOO00OOOOO0DOOOODOOODOODODODOODOOODODODOODOOODODOO
oooooo

[0044]

776 As described above, by entering the presence or absence of a stall and the number of stall
stages in the operation timing information, it becomes possible to automatically simulate a
stall due to a data hazard.

olUOOOOOOOOOO0O0OOO0O0OOO0O0OOO0O0O0OOO0O0OOO00OUOO0O0OOO0O
gobdooddooodooodoooooooodooodooouooouoooon
oood

[0045]

788 In addition, as shown in FIG. 6, the operation timing information generation means 230
generates program counters 231 (F stage program counter, D stage program counter, E stage
program counter) of each stage that operate by obtaining information from the PC/CC
correspondence table. , an M stage program counter, and a W stage program counter), and
an instruction buffer 232.
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400 00O0O0O0OOOODOOOO0OOOOOLOOUO0O0O0LOLOLbLu0oooLobbbouoo
guooobobbtooooooobboogoobbbbouooooobbbooooon
guooobobbtooooooobboogoobbbbouooooobbbooooon
guooobbogooooobbuogoooobobbuooooobbbuoooooo

soo The instruction buffer 232 obtains and stores instructions from the instruction level simulator
220, and in particular, when receiving information that a branch has occurred (whether the
address has jumped or not), it can record the instructions as shown in the figure. can.

s« 000000000000 DODOODODOO0OOO0OODDODOODODOO0O0OO0OODDODDODODOOOO0
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
dd0oooooOo00oooooooooo

809 By this recording, when a stall occurs in a subsequent instruction, it is possible to identify
whether the cause is a branch hazard or not.

sz 0 000O0OO0OO0OO00OO00OO0O0O0O0O0O0OO0OO00O00O0O00OO0O0OD0O0OOOO0OO0OO0O
godoooooooogo

[0046]

819 Next, after executing steps up to step SO7 as described above and generating operation timing
information, the program P2 to be simulated is input from the input means 100 (SO8).

seUl000000000000O000000000O000O00UULO00oO0ogoOoOn
gbbdooudooodooodoooooooodooodooodooodn
goodooo

827 The input program P2 is sent to the instruction level simulator 220, and the instruction level
simulator 220 reads one instruction of the sent program P2 to be simulated, obtains the
program counter of the PC/CC correspondence table, and executes the instruction. is
decoded (S09) and executed (S10).

20 0000000000O0DODOOODO0OOOOOODODOODODOO0OOOOOODDOODOOOOd
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
00000o0OoO000d0dooboobOoO00d0o00oooDoOoOoOOo0o0ooooooDoOoDoO
O000o0O0O0O000oooon
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838 Then, when information that the instruction has been executed by the instruction level
simulator 220 is sent to the stage state reproduction means 240, the stage state
reproduction means 240 receives the operation timing information and calculates the
instruction and the number of clock cycles at the time of the instruction. Using information
such as the previous instruction and the number of clock cycles at the time of the instruction,
the stage state at the time of the instruction is reproduced and output (S11).

sas 10000000000 O0OODODODO0ODOOODODOO0ODOOOO0DOO0ODOOOODOO0ODDOOn
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
000000000000 DOO0o0DO00bODOO0oo0bOO0o0bObOOoobOoOoooOon
oooooo

[0047]

855 The processes from step S09 to step S11 are repeated for all instructions of the program P2
to be simulated (S12), and upon completion, the stage state is reproduced (S13), and this
stage state is outputted from the output means 300 as a processing result. Then (S14) the
simulation regarding the operation timing ends.

scoLl U000 UOO0O0OOO0OOOOO0OOOO0O0OOO0O00OO00U0oO00ooOo0ogoon
gbdddooodooodooooooodooodooouooouooooodgon
gobddooddoooooodooodooodooouooooodgon
gobddooddoooooodooodooodooouooooodgon

[0048]

869 Here, the output stage status is a reproduction of all the statuses of each stage of the pipeline,
as shown in the PC/CC correspondence table shown in Figure 4, and the corresponding
number of clock cycles at that time. , for simple representation, only the number of clock
cycles may be output.

g0 0000000000OO0DODOODODOOOOOOODODDOODODOOOOOOOODDOODODOOOd
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
0000000000000 DbObObO0o00ooooooooDooooa
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879 When outputting only this number of clock cycles, the stage state reproduction means 240
can have a simple configuration such as a cycle number counter.

ssz2Ul 0000000000000 0O00OO00O000O000doouuoooooooodgoon
godooddooouoooooooodoo

[0049]

889 Next, a case where the instruction level simulator 220 does not have the cache table 225 will
be described.

2000000000000 0OODO0O0OO0O0O0O0OOD0DOoOoOooUOooODOoooDoOooDoooOonDo
ooooono

[0050]

899 In the simulation apparatus of FIG. 1, since the instruction level simulator 220 has the cache
table 225, the operation timing information generation means 230 receives accurate
information from the instruction level simulator 220 regarding information on whether a
cache miss has occurred. | was able to get

04«0 000000000DOOOOOODDOODODOODDOODOOODODOODOODDOO
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
O

[0051]

913 However, if you want to shorten the simulation time, if the instruction level simulator 220 has
a cache table 225, the simulation speed may be slowed down because it takes time to refer to
the cache table for each instruction. there were.

70 0000000000O0DODOODODO0OOOOOODODOODODOO0OO0OOOOODDODODOOOd
0d000o0Oo0OoO0000doooooObOo0000dooDooOobODoO0o0o0ooooooooDoO
000D00OD0OoO00000doDooOobOoOo000o0oooooDoooDooOoOoa
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922 Therefore, if it is desired to shorten the simulation time, it may be better for the instruction
level simulator 220 not to have the cache table 225.

s 00 000000000OO0DDOODODOO0OO0O0O0ODODDOODODOO0O0O0O0OODDODDODOOOd
000000000000 oooObObO0o0o0oooooooon

929 Furthermore, there are cases where the instruction level simulator does not originally have a
cache table.

s O0ODOOOOOOLOLOLODODOUO0O0OOLOOLOUOO0OoOLbLbLbouoooooobd

[0052]

938 In such a case, it is not possible to obtain information on whether a cache miss has occurred
from the instruction level simulator 220, so the instruction cache miss rate as shown in FIG.
7 and the instruction cache miss rate as shown in FIG. 8 are included in the operation timing
information. Information about the data cache miss rate should be included.

300000000000 00OD0DO0ODOOODDOODOOOODOOODOOOODOOODODOOO
000000000000 bOO0o0bO00Db0o0bOo00oDbOOo0obOoOoDobOOoOoooOooaO
000000000000 DOO00D0O00D0DO0o0bO000oDbOOo0oOoOooDbOOoOoooOOon

[0053]

951 The graph in FIG. 7 shows the relationship between the amount of address jump and the
instruction cache miss rate when a branch instruction occurs.

osal00O0OOO0O0OOO0O0O0OOO0OOOO0O0OOO0O00OO0O0O0UOOO0O0OO0O00OOO0On
goddooodoooodoo

958 Therefore, by having the operation timing information generation means 230 and the stage
state reproduction means 240 hold the amount of address jump for the immediately
preceding branch instruction, the miss rate of the instruction cache can be calculated from
the amount of address jump using the graph of FIG. can be found.

05-10-2023 23
Cadence Design Systems, Inc. - Ex. 1026, Page 00023



sl UODODOOOOOLOLOOOLOOUOOO0OLOLOLObLUubOooooobbooooooobbd
guooobobbtooooooobboogoobbbbouooooobbbooooon
guooobbtogooooobbuuooooboboooooon

[0054]

971 Further, the graph in FIG. 8 is a graph showing the relationship between the number of
accesses to the data cache (and access range) and the miss rate of the data cache.

o0 0000000000O0DODOODODOOOOOOODODDOODODOOOOOOOODDODOOOOd
000o0oODOoO000o0ooooooboooaao

a7s Therefore, by holding the number of accesses and the access range by the operation timing
information generating means 230 and the stage state reproducing means 240, the data
cache miss rate can be determined from the number of accesses using the graph of FIG.

ol U000 UOO0O0OOO0OOUOOO0OOOO0O0UOUOO0O0UOOOuuooOooooOooooon
gobdooddooodooodoooooooodooodooouooouoooon
gbdodooodooodooouoooon

[0055]

990 Then, by multiplying the instruction cache and data cache miss rates by the memory latency,
the expected latency value can be generated since the cache miss rate is a probability (1 or
less).

o 1 OUOOOOOODOODOODOOOODOOOOOOOOOOOOO0OOD0OOOUOOOOOON
oot doiooooboodododoooooooouodod
googo

999 By adding this expected latency value to the number of clock cycles each time an instruction
is executed, operation timing can be simulated even when there is no information regarding
cache misses from the cache table.

1o 00 0O0OOOOODOOOO0OOOOOLDOO0O0O0O0O0OOOOLO0O0O0O0O0ObbLbboOoOd
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[0056]

1011 Conventionally, the number of clock cycles was an integer (for example, 100, 101, etc. in FIG.
4) and was therefore added by an integer, but in this case, the influence of a cache miss
would be ignored.

1050000000000 000000O0DOODODOO0O0O0O0O0O0ODODODODODOOOOOOODODOO
0000000000000 DOOOO000000oDoDoOOO0000o0ooDoDooOooOoOoa
00

1020 Therefore, in order to avoid this problem, when there is no cache table, the number of clock
cycles is expressed as a real number (for example, 100.8, etc.) so that the expected latency
value can be added as a real number.

2000000000000 O00000O0000O0000OO0O000O0O00O000O0OO00O0OOO0O0040
gddooodoodooooodooodooodoooooooooooodoood
HRERERE

1029 In this way, by using a real number for the number of clock cycles, the effect of a data cache
miss is added in the form of an expected latency value each time data is accessed, and even
when the instruction level simulator 220 does not have a cache table 225. It is possible to
obtain an accurate number of clock cycles.

a0 00O0000OO00O0OO0O00O0OO00O0OO00O0OO0O00O0O0O000OO00O0OOO0O040
gddooodoodooooodooodooodoooooooooooodoood
gddooodoodooooodooodooodoooooooooooodoood
gbddoooodooooon

[0057]

1043 Also, as shown in Figures 7 and 8, the cache miss rate is expressed as a function of specific
parameters (address jump amount, number of accesses, access range, etc.), but the cache
miss rate is simply expressed as the average. It may also be expressed as a value (fixed
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14O OOOOODOOOO0OOOODLDOOOO0O0O0OOOOO0O0O0O0OO0ObLbLb0OOOad
goooobbboooooobbuooooobbboooooobbboooooon
goooobbtodooooobbgood

[0058]

1056 Next, a case will be described in which the simulation device itself can detect whether or not
bus contention is occurring.

150 000000 00OO00O00O0OO0O0O0OOO0O0O0OO0O0O0OOO0O0OOOO0OOOO0OOOOOg
Oo0o0oooooog

[0059]

1066 In the simulation device shown in Figure 1, in order to obtain operation timing information
when there is bus contention, a special program as shown in Figure 3 must be prepared to
create a PC/CC correspondence table when there is bus contention. did not become.

o700 00000O0O0D0OO0O0O0OOOODOODODOOOO0OOOODODODOOOOOOODODOGO
0000000000000 DOOOO000000oDoDoOOO0000o0ooDoDooOooOoOoa
O000D0O0000oooooo

1075 However, if the simulation device itself can detect whether or not bus contention is
occurring, this effort can be omitted.

o000 0000000000000 0O0O000O0OO0O0O0OOOO0OO0OOOOO0OOOOOOOOO0
O00o0o000ooooooooooooooog

[0060]

1085 Therefore, as shown in FIG. 9, the refill request signal from the data cache and instruction
cache is configured so that it can be detected and used by the PC/CC correspondence table
generation means 210 via a BIU (Bus Interface Unit).
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1000 000000000000 DOO0ODOOODODO0OOOODODOOOOOTrefilOCDO0O
OO0O0OBusInterface UnitU 0D 0000000000 O0O0OO0OOODOO0OODOOODOOO
gooooobod

1094 Since the PC/CC correspondence table generation means 210 is constituted by a processor
to be simulated, an application system including the processor, or an HDL simulator, it
includes a data cache and an instruction cache.

el 0OO0OOOOOOOOO0O0OOO0O0OOO0O0O0OOO0O0OOO00O0UOO0O0UOOGOn
gddooodoodooooodooodooodoooooooooooodoood
gbdoooooooooooodooouooodoon

1103 Therefore, the configuration is such that instructions can be directly detected from the data
cache and instruction cache.

s 1 UOOOOOOODOUOOOOOOOODOOOODOUOOOOOOOOOOOOOOOOO
gooood

[0061]

1113 Then, the PC/CC correspondence table generation means 210 adds the value of the detected
refill request signal to the PC/CC correspondence table and sends it to the operation timing
information generation means 230. Based on the value of the refill request signal, it is
possible to correctly recognize the presence or absence of bus contention and generate
operation timing information.

0000000000000 0000DODOODOO0O0OdrefilDDODOO0O0O0OOOOODOOO
0000000000000 DOOOO000000oDoDoOOO0000o0ooDoDooOooOoOoa
O0D0000000000OrefilD0000O0O0ODODOOOOOOOOOODODOODOOOO
O0000O0OO000000oooooooa

1125 Furthermore, the stage state reproducing means 240 which has received the operation
timing information can also output a stage state in which the influence of bus contention is
taken into consideration.

o UO0OOOOODOOOO0OOOODLDOO0O0O0O0O0OOOObO0O0O000Obbbboood
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[0062]

1136 In this way, by enabling the simulation apparatus itself to directly detect the presence or
absence of bus contention in the PC/CC correspondence table generation means 210, the
effort of creating a special program can be omitted.

o OOOO0OD0OO0OOD0OOO0OO0OO0OO0OO0O0O0OUOO0OO00OO0OO0O0O0O0OOOOO00O
doodododoooooodododoooooonododooooooooonod
goodogo

[0063]

1148 Next, a simulation device that can check whether the stage state output as a processing
result is correct will be described.

s 0000000000000 00000O0000O0000O000000000O000OOO0¢040
godooouooouooooooao

[0064]

1158 FIG. 10 is a block diagram showing the configuration of a simulation device that can confirm
whether the stage state is correct.

a1 00 0000000000000 DOO0ODOO0O0ODODOO0ODOO0O0ODODOOODOOODODOOODOg
O0O000o0oOoooooo

[0065]

1168 In the simulation apparatus of FIG. 10, a comparison means compares the number of clock
cycles of the PC/CC correspondence table generated by the PC/CC correspondence table
generation means 210 and the number of clock cycles of the stage state reproduced by the
stage state reproduction means 240. 250.
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[0066]

1181 Since the PC/CC correspondence table generation means 210 is configured by a processor to
be simulated, an application system including the processor, or an HDL simulator, when the
program P2 to be simulated is inputted, It can be expected to obtain an accurate number of

clock cycles.

e U UOUOOOOODOOOOOOOODLDOOO0O0O0O0OOOObO0O0O00O0LObbbboood
goooobbboooooobbuooooobbboooooobbboooooon
goooobbboooooobbuooooobbboooooobbboooooon
goooobbbgooooooobod

1192 Therefore, by comparing the number of clock cycles in the PC/CC correspondence table and
the number of clock cycles in the stage state generated by the stage state reproduction
means 240, it is possible to check whether the number of clock cycles in the stage state is

correct. can.

nez7JUOOOOODOOOOO0OOOOLOOO0O0O0O0O0O0OObObO0U000obobbboood
goooobbboooooobbuooooobbboooooobbboooooon
goooobbbgoooobbbbooooooon

[0067]
1205 The simulation device in FIG. 10 performs the same processing as the simulation device in

FIG. 1 as shown in the flowchart in FIG. 2, outputs the stage state, and then checks whether
the output stage state is correct. Perform the processing shown below.

oo U OUOOOOODOODOOOOOODLDOODOOOOOODLODODLOOUO0O0OOLObLbLbOO0Od
goooobbboooooobbuooooobbboooooobbboooooon
goooobbtodggooobboooooobbbd
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[0068]

1217 First, when the program P2 to be simulated is input again from the input means 100, it is
executed by the PC/CC correspondence table generation means 210 to generate a PC/CC
correspondence table.

122: 0000000000000 00O0OODOODODOO0O0OO0O0ODODODOO0OO0OOOODODOO
0000000000000 DOODOO000000oDoOoOoOo00oOooooDoDoOo

[0069]

1228 Next, when the program P2 is executed one instruction at a time by the instruction level
simulator 220, the stage state reproduction means 240 receives the information sent from
the instruction level simulator 220 and the already generated operation timing information,
and receives the first instruction. The stage status is output in the same way as in the
embodiment.

12240 00000000000000DO000O0O00ODODOOODOOODODOOODOOODOOOOOO
O0000000DOO00000D0DO00bO000DbOOo0obO0o0oDbOOoOoDoDoOooDoOooog
O0000000DOO00000D0DO00bO000DbOOo0obO0o0oDbOOoOoDoDoOooDoOooog
00

[0070]

1243 The stage state output by the stage state reproduction means 240 and the PC/CC
correspondence table generated by the PC/CC correspondence table generation means 210
are sent to the comparison means 250, and the stage state clock cycle number and the
PC/CC correspondence table are sent to the comparison means 250. Compare with the
number of clock cycles in the correspondence table.

0000000 O00O0OO00O0O0O0O0OOO0O0O0OO00O0UO0O0O0OO0O00O0OOO0O0
gddooodoodooooodooodooodoooooooooooodoood
gddooddoooouooodoououboooooooodoood

1254 As a result of this comparison, if the respective numbers of clock cycles are different, the
immediately preceding instruction sequence, that is, the contents of the instruction buffer
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of the stage state reproduction means 240 is output as a log file.

el 000O0O0OD0OO0OO0OOO0OO0O0O00OO0O0O0O0O0O0OO0O0O00O0O0O0O0O0O0O0OO0OO0O00O
doodododoooooodododoooooonododooooooooonod
0o

1263 The developer of the simulator analyzes the contents, creates an additional program for
correcting the error in the number of clock cycles, and inputs it from the input means 100.
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1270 This additional program is called (dynamically linked) and used by the stage state
reproduction means 240.
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[0071]

1280 Furthermore, if they do not match, the value of the clock cycle number in the stage state is
replaced with the clock cycle number in the PC/CC correspondence table.
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1287 This replacement makes it possible to prevent future comparisons from unnecessarily failing,
thereby reducing the analysis work of the person performing the simulation.
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[0072]
1297 [Effects of the Invention] As explained above, according to the simulation device of the
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present invention, it is possible to automate the development of a simulation program in an
instruction set simulator, which conventionally took a lot of time and effort, especially the
simulation of operation timing. Therefore, the time required for simulation can be
significantly reduced.

13030 0000000000O000D0DOOOOOODODOOODOOODODOOODOOODODOOODOg
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1309 Furthermore, in the past, it was impossible to simulate the operation timing of a processor to
be simulated or a processor for which only an HDL description existed and specifications
regarding the operation timing were unknown; however, the simulation apparatus of the
present invention According to this, it is possible.
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[0073]

1322 Furthermore, even if the instruction level simulator does not have a cache table, by
maintaining the cache miss rate, a real number can be used for the number of clock cycles
and added in the form of an expected latency value.

peUDOODOODOOOODOOOUOOOO0o0o0ooooododoooooonoooogogo
doodododoooooodododoooooonododooooooooonod
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1331 This makes it possible to obtain an accurate number of clock cycles even when a cache table
is not provided, speed up simulation processing, and reduce memory usage.
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[0074]

1341 In addition, by detecting Refill request signals from the data cache and instruction cache, the
simulation device itself can recognize bus contention without preparing a special program,
thereby saving the effort of preparing a special program. At the same time, it becomes easy
to identify the number of stall stages and the cause thereof.
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[0075]

1355 Furthermore, by providing a comparison means for comparing the number of clock cycles in
the PC/CC correspondence table generated by the PC/CC correspondence table generation
means and the number of clock cycles in the stage state reproduced by the stage state
reproduction means, more accurate The number of clock cycles can be obtained.

peoUUOUOUOOOOOOOOOOOOOUOOOOOOO0O0OOO0O0OO0O00O0OO000OOn
gddooodoodooooodooodooodoooooooooooodoood
gbddoooddooodooodoooooooodooodoooooo

[0076]
1368 Brief description of the drawing

wodUO0O0O000O0OO

[0077]
1376 FIG. 1 is a block diagram showing the configuration of an embodiment of a simulation
apparatus according to the present invention.
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[0078]
1385 FIG. 2 is a flowchart showing the operation of the simulation apparatus according to the
present invention.
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[0079]
1394 FIG. 3 is a diagram showing an example of a special program for setting operation timing.
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[0080]
1402 FIG. 4 is a diagram showing an example of a PC/CC correspondence table.
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[0081]

1410 FIG. 5 is a diagram showing an example of operation timing information.
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[0082]
1418 FIG. 6 is a block diagram showing the configuration of the operation timing information
generation means 210.

20000000000 0000000O00O00O0O0O0O0O0O0O0O0O0O0O0O0O0d

05-10-2023 34
Cadence Design Systems, Inc. - Ex. 1026, Page 00034



[0083]
1427 FIG. 7 is a graph showing the relationship between the data cache miss rate and the amount
of address jump.

woUUOOOOOooooooooobbooooobbbooooooobboood

[0084]
1436 FIG. 8 is a graph showing the relationship between the instruction cache miss rate and the
number of accesses.
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[0085]

1445 FIG. 9 is a block diagram showing the configuration inside the PC/CC correspondence table
generation means 210 when a Refill request is detected.
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[0086]
1455 10 is a block diagram showing a case where the simulation apparatus of FIG. 1 is further
provided with comparison means.
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[0087]
1465 Explanation of symbols

05-10-2023 35
Cadence Design Systems, Inc. - Ex. 1026, Page 00035
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[0088]

1473 100 Input means 200 Simulation means 210 PC/CC correspondence table generation means
220 Instruction level simulator 225 Cache table 230 Operation timing information
generation means 231 Program counter 232 Instruction buffer 240 Stage state
reproduction means 250 Comparison means 300 Output means
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