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(57) ABSTRACT 

A co-simulation design System that runs on a host computer 
System is described that includes a hardware simulator and 
a processor Simulator coupled via an interface mechanism. 
The execution of a user program on a target processor that 
includes a cache is simulated by executing an analyzed 
version of the user program on the host computer System. 
The analysis adds timing information to the user program So 
that the processor Simulator provides accurate timing infor 
mation whenever the processor Simulator interacts with the 
hardware simulator. The analysis also adds hooks to the user 
program Such that executing the analyzed user program on 
the host computer System invokes a cache Simulator that 
Simulates operation of the cache. 
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/ k + k k 
factorial. C 

This is an example user program (With two functions) to 
demonstrate code insertion. 

* * * */ 
# include <stdio.h> 

static int buf (123); 
static int d, 

Short 
fac1 (unsigned short n) 

unsigned short result = 1; 
unsigned short i; 

for (i. 2; 
i <= n; i ++) 

{ 

} 
return result; 

result = i ; 

Void 
processor1 pli ( ) 
{ 

unsigned short result1; 

result1 = faci. (8) ; 
(void) printif ("Factorial 8: %u \n", result1) ; 
(void) printif ("Time: %d\n", d); 
(void) printif ("Bufi : %d\n", buf ( 0 ); 

A 
VAST DEBUG VAST END and VAST ELSE translate to the 
compilation directives it ifdef VAST DEBUG, # endif, and 
# else, respectively. VAST DEBUG is a name which is set 
in the analysis process when a particular flag is true 
and is only defined for host (not target) compilation. 

k . . . / 

VAST DEBUG () ; 
//VST NOT TIMED ( ); 

(void) printf ("Time $lu \n", (unsigned long) VPAgdy); 
VAST EISE () ; 

(void) printif ("Time2 % d\n", d) ; 
VAST END ( ) ; 
} 

FIG. 12 
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/ k + k k 
Vpm factorial.c 

This is an example of code inserted in a simple user 
program factorial. C" with two functions. 

Only fragments of the analyzed user program are shown 
here. 

k kx k/ 

A k + k k 
The following indicates we are at line 1. 
Code is now inserted. A "dummy" name VPA inf is 
used so that the debugger (Gnu's GDB), when it 
encounters the name VPA inf, is prevented from 
stopping at any instruction (which are inserted 
instructions) until a proper name (e.g., back 
to fact16. c) is encountered 

itline 1 "VPA inf" 
/* * * x 

The global variable VPAgdy is the global delay 
variable. It is global to allow modules to be 
linked together. 

* * * */ 
extern unsigned long long VPAgdy; 
/* * * * 

Define VPAproc. This is used to allow more than one VPM 
to share the same code. The timing information is in a 
table. VPAproc is a switch to switch between different 
tables that are for different 
processor S. 

* * * * / 
extern unsigned VPAprOC; 
/* * * * 

Define limit before suspending Operation 
k k + k / 

extern unsigned long long VPAdylInt; 
/* * * * 

Delay Time of the blocks in this code is in a 
local array VPA tab0. There are four blocks 
in the particular code, and the delay times 
as determined by static analysis are 9, 23, 
12, and 25 cycles, respectively 

* * * * 
static long VPA tabO 4 = 9, 23, 12, 25 ; 

FIG. 13A 
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/* * * * 
Size of the blocks in this Code is in a 
local array VPASZ 0. There are four blocks 
in the particular code, and the sizes 
as determined by static analysis are 36, 52, 
48, and 100 bytes, respectively. 

sk k + k / 
static long VPASZ 04) - (36, 52, 48, 100 }; 
/ x * * * 

Accumulated sizes of the functions up to each 
block boundary and starting with 0 at the start 
of a new function is in an array VPA facCO. 
There are two functions in this Code. 

x k + k / 
static long VPAfacc04) = { 0, 36, 88, 0 }; 
/* + k k 

Define VPAtab, VPAsz, VPA facc. These are the set of 
time tables and sizes and facc for different processors 
that may share the same code. Thus, VPA tab IO) is 
VPA tab0, the table for this processor. 

k k kk / 
static long * VPA tab 13 = 

{VPA tabO, O, O, O, O, O, O, O, O, O, O, O, 0 }; 
static long * VPAsz (3) = 

{ VPAs ZO, O, O, O, O, O, O, O, O, O, O, O, O }; 

define function IDs 
k k + k / 

static unsigned VPAfid (2) = {0, 0 }; 
Static unsigned long * VPA facc 13 = 

{ VPA facCO, O, O, O, O, O, O, O, O, O, O, O, O }; 

Define VPATNC (T) as increasing VPAgdy by VPA tab0 II) 
k k + k / 

#define VPAINC (I) VPAgdy--= WPAtab O. II 
/ k + k k 

declare the cache functions used 
sk k + k / 

extern void Vpm resetdic () ; 
extern unsigned vst NewFID (const char *) ; 
extern unsigned long VSt ICache (unsigned, unsigned long, 

unsigned long); 
extern unsigned long VSt. DCache () ; 

FIG. 13B 
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include the cache library and declare more cache 
functions 

* * * */ 
# line 1 "VPA nf" 

# include "vpm.h" 
extern unsigned VSt TCacheon; 
extern unsigned vst DCacheon; 
extern unsigned vst NextICacheon; 
extern unsigned Vist. NextDCacheon; 
extern void vst prenextbreak () ; 
extern void vst postnextbreak () ; 
extern Void Vpm do (Const void*, unsigned, unsigned); 
extern void Vpm flush Write (); 
extern int Vpm Index (Const char *) ; 
extern char *VSt. UserData; 
/* * * * 

these are the replacements for mall OC, free, etc. 
kkk ky 

#define malloc (s) vst malloc (s) 
#define free (s) vst free (s) 

/* k k k 
Define VPACMP (T) as increasing VPAgdy by VPA tabO II) 
using above defined function VPATNC (I); 

* * x + y 
# define VPACMP (I) VPAINC (I) ; vst ICacheon-vist. NextICacheon; 

vst DCacheon=vst Next Cacheon 

/ k + k k 
The following indicates we are at line 1 of 
the program "factorial. c." 

x k k k/ 

tline 1 "factorial. c." 
# 1 "Vpmdir/vpm sout. c." 
# 1 "VPA inf" 
i 1 "factorial. C" 

FIG. 13C 
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# 1 "factorial. c." 2 

static int buf (123; 
static int d, 

short 
fac1 (unsigned short n) 
{{ } 
/ k k k k 

The following indicates we are at line 9. 
Code is now inserted. 

* * * */ 
# line 9 "VPA nif" 

Get new function ID for this function " fac1" 
* * * */ 

if (vst ICacheon && ( ! VPAfid (0) )) { VPAfid (0) = 
vst NewFID ( "fac1"); } 

/* * * * 
Increment VPAgdy by VPA tab00 ; 

* + k ky 
VPACMP (O); 
{ 

The following indicates we are back in function 
"factorial. C" at the same line number as when We last 
inserted code 

x * x k/ 
# line 9 " factorial. C." 

unsigned short result = 1; 
unsigned short i ; 

# line 11 "VPA inf" 

Data cache for the passed parameter "n" 
* x k ky 

vpm do (& (n), 0 , sizeof (n)); 
# line 11 "factorial. c." 

# line 13 "VPA nif" 

FIG. 13D 
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A * * * * 
Block boundary. 
Disable interrupts (asynchronous events) so that they 
cannot occur while any bus cycles that are needed in case 
of a cache miss 

if (VSt DCacheon vStLICacheon) vst prenextbreak () ; 
vast disableasy nevent (); } 

A * * * * 
Make the ICache () call for the linear code block. Note 
that if there is a cache miss, may involves bus 
transactions. When there are bus transactions 
"vst Icache" always returns zero value since any delay is 
consumed in the hardware simulator. 

* x * x/ 
if (vst ICacheon) { VPAgdy 

+ =vst TCache ( VPAfid (O), WPA facc VPA proc 0 , 
VPAsz VPAproc) 0)); } 

A k + k k 
Make the DCache () call for any "vpm do" calls in the 
previous linear code block. Note that if there is cache 
miss, may * involves bus transactions in which case the 
DCache ( ) call always returns Zero value. Also reset the 
D-Cache. 

* * * */ 
if (vst DCacheon) { VPAgdy + =vst DCache () ; vpm resetdic () ; } 
/ k k k k 

Enable interrupt (asynchronous events) 
x k kk / 
if (vst DCacheon vst ICacheon) { vast enableasy nevent (); 

vst postnextbreak (); } 

# line 13 "factorial. C." 
A k k + k 

Note the next two code lines, which in the original user 
program are 

for ( i = 2; 
i <= n ; i ++) 

so that appropriate vpm do () calls are inserted to make 
sure accesses are placed in table to be processed at the 
end of the linear block 

FIG. 13E 
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for ( (Vpm flushwrite ( ), Vpm dc (& ( i), 0 , sizeof (i) ), i. 
(Vpm flushwrite (), Vpm do ( & ( i), 1, sizedf (i) ) , 
Vpm dc (& (n) , 1, Si Zeof (n)} , 

i <= n) ; (Vpm flush Write (), vpm dc (& (i), 1, 
sizeof (i) ), vpm do (& ( i), 0 , sizeof (i) ) , i ++) ) 
{ 

|Fline 15 "VPA nf" 
/ k k k k 

Increment WPAgdy 
* * * */ 
WPACMP (1) ; 
{ 
# line 15 "factorial. c." 

# line 15 "VPA inf" 
Vpm flush write (); Vpm dc (& ( i), 1, sizeof (i) ) ; 

Vpm dc (& (result), 1, sizeof (result)); Vpm do (& (result), 
0, sizeof (result)); 

illine 15 "factorial. C" 
result * = i.; Vpm flushwrite () ; 

} 
# line 17 "VPA inf" 
/* * * * 

Disable Synch events and call D cache and I cache 
simulators 
enable asynch events. Increment VPAgdy for block 

if (vst DCacheon vst ICacheon) { vst prenextbreak () ; 
vast disableasy nevent (); } 

if (vst I Cacheon) { VPAgdy 
+ =vst ICache ( VPAfid ( 0 ) , . VPA facc VPAprocl 1, 
VPAsz VPAproc (1); } 

if (vst DCachedn) VPAgdy +=vst DCache (); Vpm resetdic () ; 
if (vst DCacheon vst ICacheon) { vast enableasy nevent () ; 

vst postnextbreak (); } 
} WPACMP (2) ; 

Fline 17 "factorial. C." 

#1ine 17 "VPA nif" 

FIG. 13F 

  



Patent Application Publication Feb. 14, 2002 Sheet 22 of 29 US 2002/0019969 A1 

/* * * * 
D cache reference for result. 

* * * */ 
; Vpm flushWrite (); Vpm dc (& (result), 1, sizeof (result)); 

# line 17 "factorial. c." 

# line 18 "VPA nif" 
/kk kk. 

Disable Synch events and call D cache and I cache 
Simulators 
enable asynch events. 

x * x x / 
if (vst DCacheon vst ICacheon) { vst prenextbreak () ; 

vast disableasy nevent (); } 
if (vst ICacheon) { VPAgdy 

+=vst ICache ( VPAfid (0), VPAfaCC VPAproC) (2), 
VPAsz VPAproc) 2); } 

if (vst DCacheon) VPAgdy +=vst DCache () ; vpm resetdic (); } 
if (vst DCacheon vst ICacheon) { vast enableasy nevent (); 

VSt postnextbreak (); } 

#line 18 "factorial. C" 
return result; v pm flush write ( ) ; 
} 
#line 19 "VPA ni" 
y k + k k 

Disable Synch events and call D cache and I cache 
Simulators 
enable asynch events. 

* * * */ 
if (vst DCacheon vst ICacheon) { vst prenextbreak () ; 

vast disableasy nevent (); } 
if (vst ICacheon) ( VPAgdy 

+ =vst ICache (VPAfid ( 0), VPA facc VPAproc) (2) , 
VPAsz VPAproc 2); } 

if (vst DCacheon) ( VPAgdy +=vst DCache () ; vpm resetdic () ; 
if (vst DCacheon vst ICacheon) { vast enableasy nevent (); 

vst postnextbreak (); } 
} 
it line 19 " factorial. c." 

FIG. 1 3G 
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Main PLI function 
k k kk / 
Void 
processor1 pli ( ) 
{{ } 
# line 23 "VPA inf" 
/* * * * 

New function ID 
:k k k k/ 
if (vst ICacheon && ( ; VPAfid (1))) { VPAfid (1) = 

vst NewFID ( "process or 1 pli"); } 
VPACMP (3) ; 

# line 23 "factorial. c." 

unsigned short result1; 
# line 24 "VPA inf" 
/* * * * 

The data cache functions "result 1." 
+ k + k / 
Vpm flushWrite (); Vpm dc (& (result1), 0, sizeof (result1)); 
#line 24 "factorial. c." 

/ k + k k 
data cache funtions in next statements 

* k + k / 

result1=fac1 (8); Vipm flushwrite ( ) ; vpm dc (& (result1), 1, size 
of (result1)); 
(void) printf("Factorial8: äu \n", result1); Vpm flushwrite () ; 
Vpm do (& (d), 1, sizeof (d) ) ; 
(void) printf("Time: % d\n", d) ; vpm flushwrite (); 
Vpm dc (& (buf 0 ) , 1, sizedf (buf 0)); 
(void) printf("Buf: %d\n", buf 0)); vpm flushwrite () ; 

# line 30 "VPA inf" 

#ifdef VAST DEBUG 

FIG. 13H 
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# line 30 "factorial. c." 

(void) printf ("Time &lu \n", (unsigned long) VPAgdy); 

#line 33 "VPA nif" 

fielse 

itline 33 "factorial. c." 

(void) printif ("Time2 %d \n", 

# line 35 "VPA inf" 

#endilf 

it line 35 "factoria. C." 

# line 36 "VPA inf" 
/* * * * 

Disable asynchronous events, then I-Cache, then D-Cache, 
then 
enable asynchronous events 

* * * */ 
if (vst DCacheon vst ICacheon) { vst prenextbreak ( ); 

vast disableasy nevent (); } 
if (vst TCacheon) { VPAgdy 

+=vst ICache (VPAfid (1), VPAfacCVPAproc) (3), 
VPAsz VPAproc) (3) ; } 

if (vst DCacheon) { VPAgdy + =vst DCache () ; vpm resetdd () ; 3. 
if (vst DCacheon vst ICacheon) { vast enableasy nevent (); 

Vst postnextbreak (); } 

# line 36 "factorial. c." 

FIG. 13 

  
  

  
  

  

  



Patent Application Publication Feb. 14, 2002 Sheet 25 of 29 US 2002/0019969 A1 

/* * * * 

vpm. info 

This file contains the name of processor model, the name 
of file liked to produce the target image, the starting 
address (target) of the ROM, the end address (target) of 
the ROM, the starting address (target) of the RAM, and 
the end address (target) of the RAM. 

Optional parameters include: target heap start address. 
Target heap end adress, target stack start address, and 
target stack end start address. 

* * * */ 
processor1 pi r 4000 { 
factorial.c 
} { 1 OOOOO 3 OOOOO 3 OOOff 6OOOOO } 

FIG. 14 
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/ k k k * 
processor 1 pli. map 

This is an example of the map generated for the program 
factorial. C for processor 1. 

k k k k/ 

The first part of the map is for functions. Starts with 
number of functions, the table lines each have: 

Function name, host start address, Target start 
address, target end address. 

* + k k/ 
31 
main 4 O1874 a 0012910 a 001293 f 
open 0 a 0012960 a 001298b 
Sbrik O a 001298C a 00129ab 
read O a 00129ac a 00129 db 
Write O a C) 0129 do a 0012a0b 
lSeek O aOO1.2a0c a 0012a3b 
Close O aOO12a3C a 0012a33 
isatty O a 0012a64 a 0012a3b 
f stat O aOO12a3C a 0012ab7 
sleep O a 0012ab8 a 0012adf 
usleep C a D012aeO a)012b0f 
fac1 4 01048 a 0012b10 a 0012 ba3 
processor1 pli 4015 a8 a)012ba4 a 0012C3f 
printf 402a30 a 0012c74 a 0012cbf 
vfprintf 0 a 0012dc8 a 0012dfb 
CVt. O a CO 1438C a CO 14537 
exponent 0 a0 014538 a 001460f 
f flush O a CO 149 d0 aOO14aef 
setlocale O a CO 14b74 a 001.4b9f 
local econv 0 a 001.4baO a)014bcf 
Std O aOO 14bd0 aOO14C27 
isinf O a 0.015310 a OO1535f 
isnan O a C)O1536O aOO1539f 
memchir O aOO153a.0 a OO154bf 
Stren O aOO 154 CO aOO 1559 f 
quorem O aOO155a.0 aOO157df 
memmove 0 a 0.016C80 a 001. 6d. Of 
stromp 402a58 aOO16db0 a 0.016eef 
malloc extend top 0 a.0017020 a.0017237 
meInset 0 a.001782O aOO178ef 
memcpy 0 a 0.018dc0 a.0018 eaf 
--END== O O. O. 

FIG. 15A 
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/ k k k k 
The second part of the map is for data. Starts with 
number of data entries, the table lines each have: 

host start address, host end address, target start 
address, target end address. 

Note that while d is four bytes, our compiler (GCC) 
reserved 15 bytes for d. 

k k * */ 
5 
O O. a OO1a17C a C)O1a183 
O O a C)O1a184 aOO1a1bf 
/ k k k * 

This is the data for "d". 
/kkk k 
4O41f O 4041 ff aOO1a1eO a 001a1ef 
/ k kk. k. 

The next line is the data for "buf" 
/ k + k k 
O O aOO1a1f O aOO1a2Of 
4O4 OOO 4041ef a 0 O1a210 a.00 a.3 fif 

FIG. 15B 

  



8 | 9 || 

D –HETGIN V/H Z ?OH| 
HE TOT NV/H I ?OH | HETGIN V/H 0 ?O HI 

HET C1 NVH, 
TH_IN O _ld H. HE | N | 

US 2002/0019969 A1 

TO H_1. NO O | NEAE, HO NÁS / 

HCNASW 
3/N5) 

HE TE GO W E HO VO 

C 

#? šHET CIN V/H N_ld E O XE| - 
}ÈÈHET CTN 7H ‘H HE | N | - JJ§ 9HET CIN WH ||WN -HE Á 77 

$! 5HET C/N \/HE O W/-| HB | N | 
}SU J [ NEJA E HO NÁ S 7.WE|| || SÅ S 

§< C) 

NO || 0 N (?-! 
Å. I 7 7 NE d E HO VO 

HE IS VW 

TECTO W HOSSE|00}} d 000#H 

SS=|00\/ Å HOWE W 

Patent Application Publication Feb. 14, 2002 Sheet 28 of 29 

——????????????????????????????????????????????????????? ICH - Ad Ll?.3d 13 TV 115)|CIL5), WLO Li Wo HSS?) 

  

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  



Patent Application Publication Feb. 14, 2002 Sheet 29 of 29 US 2002/0019969 A1 

Y - 1705 1707 1709 17 | 1 1773 1715 

BLKN fi BLK # BLKO if E, BTE # 

F.G. 17 

1717 

1805 1809 1811 1815 - 1817 

BLKN2 BLKN 1 WRDN BTEN 

20 2 6 -N 2 

LEVEL 2 

64-WAY SET 
ASSOCIATIVE LEVEL 

123 MEMORY ALLOCATION 
SIMULATOR 

1903 F.G. 19 
MODEL 

  

  

  

  



US 2002/0019969 A1 

HARDWARE AND SOFTWARE CO-SIMULATION 
INCLUDING SIMULATING THE CACHE OFA 

TARGET PROCESSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This is a continuation of U.S. patent application 
Ser. No. 09/491390 filed Jan.26, 2000 entitled HARDWARE 
AND SOFTWARE CO-SIMULATION INCLUDING 
SIMULATING THE CACHE OF A TARGET PROCES 
SOR, the benefit of the filing of which is hereby claimed 
under 35 U.S.C. S. 120. U.S. patent application Ser. No. 
09/491390 is a continuation-in-part of U.S. patent applica 
tion Ser. No. 09/430,855 filed Oct. 29, 1999 and entitled 
HARDWARE AND SOFTWARE CO-SIMULATION 
INCLUDING EXECUTING AN ANALYZED USER PRO 
GRAM. U.S. patent applications Ser. Nos. 09/430,855 and 
09/491390 are incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates to computer hardware 
Simulators, and more specifically, to a System and method 
for the Simulation of an electronic System that includes one 
or more target processors executing Software and interacting 
with hardware. 

BACKGROUND 

0.003 Computer simulation of digital hardware systems 
has become a common technique to reduce the cost and time 
required for the design of Such hardware systems. Simulat 
ing digital hardware allows a designer to predict the func 
tioning and performance of the hardware prior to fabricating 
the hardware. AS more and more digital Systems incorporate 
a processor, including a microprocessor, a digital signal 
processor, or other special purpose computer processor, 
there has been increased effort to develop a simulation 
System that includes simulating the hardware and Simulating 
the running of Software on a processor that is included in the 
digital System. Having Such a simulation System allows a 
designer to test the operation of Software on the processor 
before a physical processor is available. Thus, for example, 
a designer may be able to Start designing a System incorpo 
rating a new microprocessor before the manufacturer actu 
ally releases physical Samples of the microprocessor. In 
addition, a System designer designing an integrated circuit or 
a System on a printed circuit board that includes a processor 
can, for example, use the Simulation System to test the 
integrated circuit or printed circuit board implementation, 
including operation of Software on the processor part, and 
any testing interactions between the processor and the other 
digital circuit elements of the integrated circuit or board, 
before the integrated circuit or board is fabricated. This 
clearly can Save time and money. 
0004 Such a simulation system is called a co-simulation 
design System, a co-simulation System, or Simply a design 
System herein, and the environment for operating Such a 
co-simulation System is called a design environment. The 
processor is called a target processor and the computer 
System on which the environment operates is called the host 
computer System. The hardware other than the processor is 
called digital circuitry. The computer Software program that 
is designed by a user to operate on the target processor is 
called the user program. 
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0005 The target processor may be a separate micropro 
ceSSor with the digital circuitry being external to the micro 
processor (e.g., on a printed circuit board or elsewhere in the 
System), or may be a processor embedded in an application 
Specific integrated circuit (ASIC) or a custom integrated 
circuit (IC) Such as a very large Scale integrated (VLSI) 
device, with the digital circuitry including Some components 
that are part of the ASIC or IC, and other components that 
are external to the ASIC or IC. 

0006 A design environment capable of co-simulation 
requires 1) the capability of accurately simulating the digital 
circuitry, including timing, and 2) the capability of accu 
rately simulating on the host processor the running of the 
user program on the target processor, including the accurate 
timing of operation of the user program and of any Software/ 
hardware interaction. The first requirement is available 
today in a range of hardware description languages (HDLS) 
such as Verilog and VHDL, and simulation environments 
using them. It also is available as a Set of constructed 
libraries and classes that allows the modeling of hardware in 
a higher-level language Such as 'C' or C++. The Second 
requirement is for a processor Simulator using an executable 
processor model that both accurately simulates the execution 
of a user program on the target processor, and can interact 
with the digital circuitry Simulation environment. Such a 
processor Simulator Should provide timing information, par 
ticularly at times of Software/hardware interaction, i.e., at 
the Software/hardware interface. A processor model that 
includes Such accurate timing information is called a "quan 
tifiable” model herein. 

0007 One known way of providing such processor simu 
lation is to Simulate the actual hardware design of the 
processor. This can be done, for example, by Specifying a 
processor model in a hardware description language (HDL). 
Such a model is called an architectural hardware model 
herein, and a processor Simulator derived therefrom is called 
a hardware architecture Simulator herein. An architectural 
hardware model clearly can include all the intricacies of the 
processor design, and thus is capable of accurate timing. 
Since it is written in a hardware description language, it may 
be treated as a hardware device in a hardware simulation 
environment. The main but great disadvantage of Simulating 
the operation of the processor by Simulating the hardware in 
Some HDL is the slow execution Speed, typically in the 
range of 0.1-100 instructions per Second. 
0008 Another known way of accurately simulating the 
execution of Software on a processor for inclusion in a 
co-simulation environment is an instruction Set Simulator 
(ISS), wherein both the function and the sequencing of the 
microprocessor is mimicked in Software. An instruction Set 
Simulator Still executes relatively slowly, compared for 
example to how fast a program would be executing on the 
target processor. An ISS executes in the range of 1,000 to 
50,000 instructions per second depending on the level of 
timing and operational detail provided by the model. 

0009. Both the ISS and the architectural hardware model 
approaches to Simulating Software are relatively slow, and 
users of Such environments often express frustration at their 
inability to run simulations at practical speeds. HDL and ISS 
microprocessor models limit the number of Software cycles 
that can be properly verified on a hardware-Software mod 
eling System; a few thousand per Second is all they allow. On 
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the other hand, real systems execute 50-1000 million 
instructions per Second or more. From this arises a disparity 
of a factor between about 10,000 to 200,000 in performance, 
so that 3 to 60 hours of simulation may be needed to model 
1 Second of real-time target processor performance. 

0010. One solution to the slow speed of simulating a 
processor is to use a hardware processor model. This device 
includes a physical microprocessor and Some circuitry for 
interfacing and interacting with the design environment 
Simulating the digital circuitry. The memory for the target 
processor is simulated as part of the digital circuitry. Such an 
approach is fairly expensive. Another limitation is due to 
having two definitions of time operating on the same simu 
lation System: Simulation time of a hardware simulator, and 
processor time, which is real time for the hardware proces 
Sor. Correlating these is difficult. 

0.011) Another solution is to use an emulator as the target 
processor model. An emulator, like a hardware processor 
model, is a hardware device, typically the target processor, 
and usually includes Some memory. The emulator is 
designed to emulate the operation of the microprocessor. 
Such a processor emulator when it includes memory can 
execute the user program directly, but again is expensive and 
may require the development of external circuitry to interact 
with the hardware simulator Simulating the digital circuitry. 
U.S. Pat. No. 5,838,948 describes an environment that uses 
an emulator for Speeding up the running of a user program 
in the design environment. 

0.012 Behavioral processor simulators are known that 
can run a user program on the host computer System. With 
Such an approach, the functional outcome of the Software 
execution is combined with the outcome of executing the 
hardware models described, for example, in an HDL. While 
Such processor models can run at more than 100 million 
instructions per Second and have reasonable functionality, 
they include no timing or architectural precision, for 
example to accurately simulate the interaction between the 
digital circuitry and the processor. 

0013. One of the requirements for accurately simulating 
a processor is architectural precision. For example, modern 
processors include an instruction pipeline that enables the 
different Stages of handling an instruction to be overlapped. 
For example, a simple modern pipeline may have the 
following 5 stages: instruction fetch (IF), instruction decode 
(ID), execute (EX), memory access (MEM) and write back 
(WB). After the pipeline is filled, the processor is capable of 
executing instructions five times faster than it would take an 
individual instruction to complete all five states. However, 
pipeline hazards are known that cause a pipeline to Stall. For 
example, hazards occur because instructions that are over 
lapped in execution may require processor resources Simul 
taneously, with insufficient resources available to Service all 
the requirements of the instructions Simultaneously. Hazards 
also may occur when one instruction is dependent on a 
preceding instruction, and the dependency cannot be Satis 
fied because the instructions overlap in the pipeline. It is 
desired to be able to accurately simulate the operation of the 
user program, including taking into account pipeline effects 
Such as hazards. Hardware architecture Simulators and 
instruction Set Simulators can be specified to include these 
intricacies, but, as described above, Such processor Simula 
tors are inherently slow. Thus, there is a need in the art for 
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a processor Simulator that can Simulate a user program 
operating on a target processor with reasonable Speed. There 
also is a need in the art for a design System that Simulates an 
electronic System that includes digital circuitry and a target 
processor having a pipeline, the design System including a 
processor Simulator that can Simulate a user program oper 
ating on a target processor with reasonable Speed. There also 
is a need in the art for a processor model of a target processor 
that has a pipeline for use in a design System that Simulates 
an electronic System that includes digital circuitry and the 
target processor, the model providing for rapid simulation of 
a user program operating on a target processor and taking 
into account timing and pipeline effects Such as pipeline 
hazards. 

0014 While sometimes it is desired to run a simulation 
with great precision at a high level of detail, at other times, 
leSS detail may Suffice, enabling faster execution of the 
simulation. There therefore is a need in the art for an 
executable and quantifiable processor model that can be 
used in a co-simulation System and that models the operation 
of the target processor at an elected level of detail, including 
an elected level of detail at the hardware/software interface. 

0015 Computer networks are becoming ubiquitous, and 
it is desired to be able to operate a co-simulation design 
System on a computer network, with different elements of 
the design System running on different processors of the 
computer network to Speed execution. Similarly, multipro 
ceSSor computers are also becoming commonplace, and it 
would be desirable to be able to operate a co-simulation 
design System on a computer network, with different ele 
ments running on different processors of the computer 
network. 

0016 Electronic systems nowadays may include more 
than one target processor. It is therefore desirable to have a 
co-simulation design System that provides for rapidly simu 
lating Such an electronic System, including simulating 
respective user programs executing on the target processors, 
Such processor Simulation providing timing detail that takes 
into account instruction timing and pipeline effects for target 
processors that include a pipeline. 
0017. Above-mentioned incorporated by reference U.S. 
patent application Ser. No. 09/430,855 (hereinafter “the 
Parent Application”) describes a method and system for 
rapidly Simulating on a host computer System a target 
processor executing a user program. The Parent Application 
describes a processor model for the target processor that 
operates up to the host processor Speed and yet takes into 
account instruction timing and pipeline effects Such as 
pipeline hazards. The model can be incorporated into a 
design System that Simulates an electronic circuit that 
includes the target processor and digital circuitry. The Parent 
Application also describes using more than one Such pro 
ceSSor models in a design System that Simulates an electronic 
circuit that includes more than one target processor and 
digital circuitry. A further feature described in the Parent 
Application is how a user can modify the processor model 
to include more or less detail. 

0018. Above-mentioned incorporated by reference U.S. 
patent application Ser. No. 09/430,855 describes a design 
System operating on a host computer System and Simulating 
an electronic System that contains target digital circuitry and 
a target processor having a pipeline, the design System 
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comprising a hardware simulator Simulating the target digi 
tal circuitry, a processor Simulator Simulating the target 
processor executing a user program by executing the user 
program Substantially on the host computer System, and an 
interface mechanism that couples the hardware simulator 
with the processor Simulator including passing information 
between the hardware simulator and the processor Simulator. 
The hardware processor provides a simulation time frame 
for the design System. In one version, at Significant events, 
including events that require the user program to interact 
with the target digital circuitry, the operation of the proces 
Sor Simulator is Suspended and associated event information 
is passed from the processor Simulator to the hardware 
Simulator. The operation of the processor Simulator then is 
resumed when the hardware Simulator processes informa 
tion and passes an event result back to the processor Simu 
lator. 

0019. The processor simulator described in the Parent 
Application accumulates a simulation time delay when 
operating, the Simulation time delay determined using tim 
ing information that accounts for instruction timing includ 
ing pipeline effects. The timing information is determined by 
an analysis proceSS performed on the user program in 
accordance to characteristics of the target processor includ 
ing instruction timing characteristics and pipeline charac 
teristics. Such an analysis process is called a Static analysis 
process herein because the timing information is obtained by 
analyzing the user program prior to running the analyzed 
version of the user program on the processor Simulator. The 
Static analysis proceSS comprises decomposing the user 
program into linear blocks of one or more instructions, 
determining the time delay for each linear block of the user 
program using characteristics of the target processor; and 
combining the linear block timing information with the user 
program to determine the timing information for the pro 
ceSSor Simulator. 

0020 Some timing information is not available by Such 
Static analysis. Many modern processors include memory 
cache to Speed up memory accesses. A separate cache, called 
a data-cache or D-cache, might exist for data access, another 
cache, called an instruction cache or I-cache, might exist for 
instruction access. Any timing effects, Such as cache misses 
in a D-cache or an I-cache, are dependent on the current State 
of the cache, and cannot be known until runtime. Static 
analysis cannot easily account for Such timing. 

0021. Thus there still is a need for a design environment 
that operates on a host computer System which includes a 
mechanism for rapidly and accurately simulating the opera 
tion of a target processor that includes a cache System. 

SUMMARY 

0022. The broad goal of the invention is a method and 
System for rapidly Simulating on a host computer System a 
target processor executing a user program, with the target 
processor including a cache. One feature of the invention is 
providing a processor model for the target processor that 
operates up to the host processor Speed and yet takes into 
account instruction timing and cache effects. AS an addi 
tional feature, the processor model also takes into account 
pipeline effects Such as pipeline hazards for the case of the 
processor having a pipeline. Another feature of the invention 
is providing Such a a processor model that is modifiable by 
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a user to include more or less detail. Another feature of the 
invention is providing Such a processor model that can be 
incorporated into a design System that Simulates an elec 
tronic circuit that includes the target processor and digital 
circuitry. Another feature of the invention is using more than 
one Such processor model in a design System that Simulates 
an electronic circuit that includes more than one target 
processor and digital circuitry. 
0023 Described herein is a design system operating on a 
host computer System and Simulating an electronic System 
that contains target digital circuitry and a target processor 
having a cache, the design System comprising a hardware 
Simulator Simulating the target digital circuitry, a processor 
Simulator Simulating the target processor executing a user 
program by executing the user program Substantially on the 
host computer System, and an interface mechanism that 
couples the hardware simulator with the processor Simulator 
including passing information between the hardware simu 
lator and the processor Simulator. The processor Simulator 
includes a cache Simulator that Simulates operation of the 
cache to account for the effects of cache misses on timing. 
The hardware processor provides a simulation time frame 
for the design System. In one version, at Significant events, 
including events that require the user program to interact 
with the target digital circuitry, the operation of the proces 
Sor Simulator is Suspended and associated event information 
is passed from the processor Simulator to the hardware 
Simulator. The operation of the processor Simulator then is 
resumed when the hardware Simulator processes informa 
tion and passes an event result back to the processor Simu 
lator. 

0024. The processor simulator accumulates a simulation 
time delay when operating, the Simulation time delay deter 
mined using timing information that accounts for instruction 
timing. The timing information is determined by an analysis 
process performed on the user program in accordance to 
characteristics of the target processor including instruction 
timing characteristics. 
0025. According to one aspect of the invention, the 
hardware simulator passes resumption control information 
to the processor Simulator after the most recently accumu 
lated Simulation time delay has been consumed by the 
hardware simulator. 

0026. The analysis process comprises decomposing the 
user program into linear blocks of one or more instructions, 
determining, using characteristics of the target processor; 
the time delay for each linear block of the user program that 
would be incurred by executing the linear block with no 
cache misses, and combining the linear block timing infor 
mation with the user program to determine the timing 
information for the processor Simulator. The analysis pro 
ceSS also includes determining those parts of the user 
program that include one or more references that might 
require a cache lookup, and inserting hooks into the user 
program to invoke, at run time, the cache Simulator for at 
least one reference that includes a memory reference that 
requires a cache lookup. 

0027. In one embodiment, the hardware simulator runs 
on an HDL and at least Some of the digital circuitry is 
specified in the HDL. In another embodiment, all or some of 
the digital circuitry is described to the hardware simulator in 
a higher-level language Such as Such as 'C' or C++. 
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0028. In accordance with another aspect, a method is 
described of Simulating on a host computer System the 
execution of a user program on a target processor having a 
cache, the method comprising decomposing the user pro 
gram into linear blocks, determining linear block timing 
information including the time delays that would be incurred 
executing each linear block of the user program on the target 
processor with no cache misses, identifying those parts of 
the user program that include one or more memory refer 
ences that might require a cache lookup, inserting hooks into 
the user program to invoke, at run time, a cache Simulator 
that Simulates the operation of the cache for the memory 
reference to account for cache misses in timing, and execut 
ing the combined user program and linear block timing 
information and inserted hooks on the host computer Sys 
tem, Such that the execution on the host computer System 
Simulates the execution of the user program on the target 
processor including providing accurate execution timing 
that takes into account instruction timing and cache effects, 
including pipeline effects for a processor that has a pipeline. 
The determining of the block timing information uses char 
acteristics of the target processor, including instruction tim 
ing characteristics, So that the block timing information 
takes into account instruction timing. The determining of the 
block timing information also includes combining the linear 
block timing information with the user program and inserted 
hookS. 

0029. One implementation described is when the user 
program includes Statements in a higher-level language Such 
as “C, C++, Java(E), ADA, FORTRAN, ALGOL, PAS 
CAL, SIMULA, LISP, APL, and so forth. In this implemen 
tation, the Step of decomposing the user program into linear 
blocks includes parsing the user program to determine linear 
block boundaries. The determining of the time delay for 
each linear block then further comprises croSS-compiling the 
user program to produce target code, parsing the croSS 
compiled target code to determine the time delay for each 
line in each Section of the target code corresponding to each 
linear block in the user program, and determining the time 
delay for each linear block of the user program from the time 
delays determined in the target code parsing Step. The time 
delay determination uses characteristics of the target pro 
ceSSor. According to a particular implementation, combining 
the linear block timing information with the user program 
produces an analyzed user program that includes instruc 
tions for accumulating the timing delay, and the executing 
Step executes the analyzed user program on the host pro 
CCSSO. 

0.030. In accordance with another aspect of the invention, 
described herein is a method for creating a model for 
Simulating the operation of a target processor on a host 
computer System. The model comprises a processor model 
shell for operation on a hardware Simulator that Simulates 
activity of one or more entities of the target processor 
accessible to digital circuitry external to the processor. The 
model also comprises a Software shell to provide a user 
program programming access to the Signals accessible to 
digital circuitry external to the processor. Also in the model 
is a cache Simulator. Also in the model is target processor 
Specific information for use in analyzing a user program to 
determine user program timing information Such that when 
the user program is run on a processor Simulator operating 
on a host computer System, the processor Simulator accu 
rately simulates execution as if the user program was 
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executing on the target processor, including providing tim 
ing that takes into account instruction timing and cache 
effects. The user program analyzing process includes 
decomposing the user program into linear blocks, determin 
ing linear block timing information including the time 
delays that would be incurred executing each linear block of 
the user program on the target processor with no cache 
misses, identifying those parts of the user program that 
include one or more memory references that might require 
a cache lookup, inserting hooks into the user program to 
invoke, at run time, a cache Simulator that Simulates the 
operation of the cache for the memory reference. 
0031. In a particular implementation, the processor 
model shell includes an interface to hardware description 
language instructions Such as VHDL or Verilog instructions, 
and the Software shell comprises an interface code written in 
a higher-level computer language, Such as 'C' or C++. In 
another version in which the hardware Simulator provides 
for Simulating digital hardware in a higher-level language, 
the processor model shell includes an interface to code in 
Such a higher-level computer language. 
0032. Other features and aspects of the invention will 
become clear from the detailed description that follows. 

DESCRIPTION OF THE FIGURES 

0033. The present invention will be more fully under 
stood from the detailed preferred embodiments of the inven 
tion, which, however, should not be taken to limit the 
invention to any specific embodiment but are for explanation 
and better understanding only. The various embodiments in 
turn are explained with the aid of the following figures: 
0034 FIG. 1 shows a single processor embodiment of a 
co-simulation design System according to the invention; 
0035 FIG. 2 shows a dual processor embodiment of a 
co-simulation design System according to the invention; 
0036 FIG. 3A shows a flow chart of the user code 
analysis process according to an embodiment of the inven 
tion; 
0037 FIG. 3B shows a flow chart of linking several 
analyzed modules and execution of the analyzed user pro 
gram according to an embodiment of the invention; 
0038 FIG. 3C shows a flow chart of the process of 
generating an address map according to an embodiment of 
the invention; 
0039 FIG. 4 shows a flow chart of an assembly code 
parsing Step for inclusion in an analysis process according to 
an embodiment of the invention; 
0040 FIG. 5 shows a flow chart of the single line parsing 
Step according to an embodiment of the invention; 
0041 FIG. 6 shows a timing analyzer process commu 
nicating with assembly code parser according to an embodi 
ment of the invention; 
0042 FIG. 7A shows a flow chart of execution of the 
data memory reference hooks inserted during the analysis of 
the user program according to an embodiment of the inven 
tion; 
0043 FIG. 7B shows a flow chart of the host memory to 
target memory translation step of the flow chart of FIG. 7A 
according to an embodiment of the invention; 
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0044 FIG. 8 shows an example dual processor electronic 
System that may be designed using a co-simulation design 
System according to the invention; 
004.5 FIG. 9 shows a timing diagram of an example 
two-processor Simulation according to an embodiment of the 
invention; 

0.046 FIG. 10 shows a set of modules used to simulate 
the system of FIG. 8 according to an embodiment of the 
invention; 

0047 FIG. 11 shows a processor model formed accord 
ing to an embodiment of the invention. 
0.048 FIG. 12 shows a sample user program used to 
illustrate code insertion according to an embodiment of the 
invention; 

0049 FIGS. 13A-13I show the analyzed program result 
ing from the sample program of FIG. 12 after code insertion 
according to an embodiment of the invention; 
0050 FIG. 14 shows sample information file describing 
the name of the processor and the target memory partitioning 
that was used with the analyzed program of FIGS. 13 A-13I; 
0051 FIGS. 15A and 15B show the host-target memory 
map used for the examples of FIG. 12, 

0.052 FIGS. 13A-13I, and FIG. 14 according to an 
embodiment of the invention; 

0053 FIG. 16 also a shows a processor model formed 
according to an embodiment of the invention, showing more 
detail of the model than FIG. 11; 

0054 FIG. 17 shows how a cache is addressed; 
0055 FIG. 18 shows a set associative cache; and 
0056 FIG. 19 shows a memory allocation simulator in 
accordance to an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0057 The first one or two digits in a reference numeral 
indicate on which figure that reference numeral is first 
introduced. For example, any reference numerals between 
100 and 199 are first introduced in FIG. 1, any between 200 
and 299 are first introduced in FIG.2, any between 1000 and 
1099 are first introduced in FIG. 10, and so forth. 

0.058. The method, processor model, and system embodi 
ments of the invention include components that operate on 
a host computer System. The host computer System may be 
a Single computer, for example, a computer WorkStation. 
Such workStations are readily available, and may operate 
under any operating System (OS) Such as any variants of the 
UNIX operating system (including LINUXTM), or any vari 
ants of Microsoft Windows(E) (e.g., Windows NT, Windows 
98, or Windows 2000 from Microsoft Corporation, Red 
mond, Wash.), or the Mac OS(R) (Apple Computer, Cuper 
tino, Calif.). Some embodiments operate under a computer 
network that includes a plurality of host processors inter 
connected as a network, while other embodiments run on a 
multiprocessor computer that includes a plurality of host 
processors. The term "host computer System” thus means a 
computer System with a single host processor, or a plurality 
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of interconnected host processors that may be intercon 
nected as a network, or a multiprocessor computer. 
0059 FIG. 1 shows a design system embodiment of the 
present invention. Design System 100 operates on a host 
computer System and Simulates an electronic System that 
contains target digital circuitry and at least one target 
processor executing a user program. The target processor 
typically may or may not have a pipeline, and includes either 
a virtual memory System or a cache System, the cache 
System being either a single cache or a separate data cache 
and instruction cache. A hardware simulator 103 simulates 
the target digital circuitry. In the preferred embodiment, the 
hardware simulator operates in a hardware description lan 
guage, in particular Verilog, and So the description 105 of the 
target digital circuitry is provided by the user in the form of 
Verilog code. The invention can also work with other 
hardware description languages Such as VHDL, and with 
hardware descriptions in terms of libraries, or libraries and 
classes written in a higher-level language Such as C, or 
C++. Thus, the invention does not depend on the particular 
hardware models used in the hardware simulator 103. 

0060 Co-simulation design system 100 also includes a 
processor Simulator for each processor that Simulates the 
target processor executing the user program, and one Such 
processor simulator is shown as 107. The processor simu 
lator 107 executes the user program substantially on the host 
computer System, which provides for extremely rapid simu 
lation of the software. While only one processor is shown, 
the Simulation System can accommodate additional proces 
Sor simulators of additional target processors to simulate a 
multiprocessor System. 
0061 Processor simulator 107 simulates execution of a 
user program 109 on the target processor by executing an 
analyzed version 111 of the user program 109. The analyzed 
version of the user program is thus a program derived from 
the user program by an analysis process. The analyzed 
version includes the user program, and timing information 
on how the target processor would execute the user program 
109 such that while the host processor executes the analyzed 
version 111 of the user program, the processor simulator 107 
generates accurate execution timing information incorporat 
ing the target processor instruction timing as if the user 
program 109 was executing on the target processor. For 
processors that have a pipeline, the timing information 
incorporates pipeline effects. Furthermore, for a processor 
that includes a cache, the processor Simulator includes a 
cache Simulator 121 executing a cache model, and a memory 
mapper 125 that translates between host memory addresses 
and target memory addresses using memory mapping infor 
mation 108 relating host addresses to target addresses. 
0062) An interface mechanism 119 is coupled to both the 
processor simulator 107 and the hardware simulator 103 and 
enables communication between processor simulator 107 
and hardware simulator 103. Processor simulator 107 
includes a communication mechanism 141 to pass informa 
tion to the hardware simulator 103 using the interface 
mechanism when an event requires interaction of user 
program 109 with the target digital circuitry. Such events 
include times when user program 109 encounters an input/ 
output instruction, or when the program has an arithmetic 
exception during execution, and other significant events. 
0063. In one embodiment, the target digital circuitry 
includes a target memory for the target processor, and the 
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hardware simulator provides for Simulating at least Some of 
the operations of the target memory by running a hardware 
model 122 of the target memory, with the contents of the 
Simulated target memory Stored in the host computer System. 
Typically, the user Selects to Simulate only Some bus trans 
actions that may occur in executing the user program by 
running bus hardware model 124 on the hardware Simulator. 
0064. In another embodiment, the co-simulation design 
System 100 provides for accurately simulating buS transac 
tions. In such an embodiment, the description 105 of the 
target digital circuitry includes a bus hardware model 124 of 
the bus of the target processor. At least Some of the opera 
tions of the target processor buS may be Simulated by 
running bus hardware model 124 on the hardware Simulator. 
Typically, the user may select to Simulate only Some bus 
transactions that may occur in executing the target processor 
by running bus hardware model 124 on the hardware simu 
lator. 

0065. When both the target processor bus and the target 
processor memory are Simulated by target memory model 
122 and target buS model 124, a significant event may 
include, for example, the cache Simulator's determining that 
a cache miss has occurred that requires a number of bus 
cycles and memory accesses to be simulated in the bus 
model 124 and memory model 122 of the target digital 
circuitry. In Such an example, the user may choose to 
Simulate these bus and memory transactions using the target 
memory model 122 and target bus model 124. Note that the 
memory model 122 preferably does not store actual data but 
rather uses the memory of the host computer System for data 
storage. Similarly, the bus model 124 preferably does not 
move actual data but rather Simulates the timing the bus 
cycles required to move data. 

0.066 The hardware simulator 103 also includes a com 
munication mechanism 143 to pass information to processor 
simulator 107 using the interface mechanism at events 
significant to the hardware simulator 103 that need to be 
communicated to the processor Simulator. Such an event 
includes when a signal in the target digital circuitry con 
nected to the target processor is asserted, for example, an 
interrupt. 

0067. The interface mechanism 119 passes the informa 
tion across the hardware/software boundaries. The preferred 
embodiment interface mechanism 119 includes a message 
passing kernel. Thus, in the preferred embodiment, both the 
processor Simulator and the hardware simulator communi 
cation mechanisms 141 and 143 are included in interface 
mechanism 119. Also, the processor Simulator and the 
hardware simulator are tasks under the kernel, and the kernel 
provides the mechanism for the tasks to communicate when 
ever one or the other task requires it. When Several processor 
SimulatorS operate, each runs independently as a task under 
the kernel. 

0068 Those in the art will appreciate that other types of 
interface mechanisms are possible, including using multiple 
threads, and using a complete or partial operating System. 

0069. The hardware simulator and the processor simula 
tor each has its own definition of time, i.e., its own time 
domain, with the interface mechanism providing a mecha 
nism to synchronize time whenever processor simulator 107 
and hardware simulator 103 need to communicate. Simi 
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larly, when Several processor SimulatorS operate, each pro 
ceSSor Simulator has its own concept of time, as does the 
hardware simulator. 

0070. As shown in block 113, the analyzed version 111 of 
the user program is obtained by an analysis process per 
formed on user program 109 by analyzer 112. Analysis is 
described in more detail below and briefly includes 1) 
inserting dynamic hooks 110 in the form of calls to functions 
that during execution invoke dynamic mechanisms that may 
effect timing and that cannot be determined ahead of execu 
tion. For example, dynamic hooks 110 may include calls to 
functions that invoke the cache simulator 121 when there are 
memory references in the user program 109 that might 
produce a cache miss, 2) decomposing the user program 109 
into linear blocks (which can be as short as a single 
instruction) and 3) calculating for each linear block the time 
delay that would be incurred by executing that linear block 
on the target processor. In the case the processor Simulator 
includes the memory allocation simulator 123, analysis 
further includes inserting hooks in the user program to 
invoke the memory allocation Simulator during execution of 
the analyzed program that correspond to dynamic memory 
allocations that would occur if the user program was being 
executed on the target processor. 
0071. The time calculating uses characteristics 117 of the 
particular target processor, including instruction timing and 
characteristics of the processor. Such processor characteris 
tics may include pipeline characteristics for a target proces 
Sor that includes a pipeline So that the result is the analyzed 
program which includes the instruction of user program 109, 
and timing information 110 that includes pipeline effects. 
0072) While the analyzed program 111 of the preferred 
embodiment includes the timing information 110 in the form 
of additional programming instructions that accumulate a 
Simulation time delay while the user program is executed, in 
alternate embodiments, the timing information may be 
included in the analyzed version in the form of a timing 
information data structure, Such as an array of timing delayS 
for each block. In Such a case, the processor Simulator would 
include instructions external to the analyzed version of the 
program to accumulate the delay while the user program is 
executing on the host computer System. Similarly, while the 
dynamic hooks inserted, for example, for invoking the cache 
Simulator are in the form of additional programming instruc 
tions that call functions that during run time invoke the 
required dynamic part, data Structures may be used to refer 
to programming instructions that are external to the analyzed 
version of the user program. Such alternatives also are 
envisaged in the invention. 
0073. When an event occurs that requires the processor 
Simulator to communicate to the hardware simulator, the 
processor Simulator's communication mechanism 141 sends 
information to hardware simulator 103 associated with the 
event through the interface mechanism 119. The hardware 
processor receives the associated event information and 
processes it. Typically, the event may be an input/output 
instruction in the user program to Send information or to poll 
a port or to execute a number of bus cycles, or otherwise to 
interact with the hardware simulator. 

0074 The associated event information preferably 
includes time delay information indicating an amount of 
Simulated time Since a previous event occurred, Such as 
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when the processor last started or resumed operation, or 
when the processor Simulator last Sent event information, or 
when the hardware simulator last received event informa 
tion. The hardware simulator 103, upon receiving the time 
delay information, executes for an appropriate amount of 
hardware simulation time. 

0075. The design system 100 also includes a translator 
145 that translates information from a first format under 
Standable in the user program domain, e.g., a program 
function call or a memory mapped I/O instruction, to a 
Second data format understandable in the hardware simula 
tor domain, for example, when the digital circuitry is 
described in HDL, by some HDL code to indicate signal line 
assertion. For example, when the user program is in C and 
the target digital circuitry is defined in Verilog, the translator 
145 can translate a C variable passed to an output function 
call to the corresponding Verilog variable in the digital 
circuitry description. 
0.076 Typically, the processor simulator 107 operates 
much faster than the hardware simulator 103. That is, 
Simulation time is consumed much faster (in real time) on a 
processor Simulator than on a hardware simulator because 
hardware simulator 103 of design system 100 models the 
digital circuitry 105 in detail, while the processor simulator 
107 does not model the architectural detail of the target 
processor, but rather runs the user program Substantially on 
the host computer System. The timing detail comes as a 
result of the analysis process 113 and in accumulating the 
delay during processing using timing information 110. 

0077. In the preferred embodiment, the hardware simu 
lator provides a simulation time frame for the design System. 
That is, Simulation time is started and maintained by the 
hardware Simulator, and whenever Synchronization is 
required, all times are Synchronized to the hardware simu 
lation time, which is the Simulation time for the System. 
0078. The design system also includes a suspend mecha 
nism 149 and a resume mechanism 151 coupled to the 
processor Simulator that allow the processor Simulator to 
Suspend and resume operation. In the preferred embodiment, 
the Suspend and resume mechanisms are in the interface 
mechanism 119 and provide for Suspending and resuming 
operation of any task. In the preferred embodiment, when 
the processor Simulator Sends associated event information 
which includes time delay information, it passes a message 
to the kernel in the interface mechanism that causes the 
processor Simulator to be Suspended. The resumption 
mechanism uses the interface mechanism to place events on 
an event queue in the hardware processor. Thus, when the 
processor Simulator Suspends, the kernel also restarts the 
hardware simulator and places instruction in the hardware 
Simulator's event queue to resume the processor Simulator at 
Some later time. The hardware processor then continues until 
an event is reached which causes the processor Simulator to 
resume, for example, a previously Scheduled resumption of 
the processor Simulator in its event queue. 
0079 Thus, in the preferred embodiment, the suspend 
and resume mechanisms of the interface mechanism 119 use 
an event queue which is in the hardware simulator. Those in 
the art will appreciate that other interface mechanisms and 
resume and Suspend mechanisms may be used. For example, 
in an alternate embodiment, the processor Simulator and the 
hardware simulator are independent tasks running under the 
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interface mechanism, and the interface mechanism Sched 
uled all tasks by maintaining its own one or more event 
queues. 

0080 Thus, in the preferred embodiment, when associ 
ated event information including time delay information is 
sent by processor simulator 107 to hardware simulator 103, 
the Suspend mechanism Suspends operation of processor 
simulator 107 while hardware simulator 103, upon receiving 
the time delay information, executes for an appropriate 
amount of hardware simulation time. Once hardware simu 
lator 103 processes the event information and produces an 
event result, Such as a signal being asserted, or Simply the 
time delay being consumed, it typically sends the event 
result to processor simulator 107. The resume mechanism 
149 resumes operation of processor simulator 107 upon the 
processor Simulator receiving the event result. 

0081. Note that if no time delay needs to be executed by 
the hardware simulator, Such as when the processor Simu 
lator is already in time Synchronization with the hardware 
Simulator and does not have any internal events that need to 
be processed in that Simulation time, the processor Simulator 
need not Suspend operation. AS another example, the user 
program may encounter a program that asks only for the 
current hardware simulation time. Or the user program may 
encounter an input/output command before the processor 
Simulator has accumulated any delay Since the last access to 
the hardware simulator. There would not be any need to 
Suspend operation under Such circumstances. 

0082. With the suspend/resume mechanisms of the pre 
ferred embodiment, when the processor Simulator's execu 
tion is Suspended, the delay time passed to the hardware 
Simulator is used to Schedule the resumption of the Sus 
pended task, by placing a delay event on the hardware 
Simulator queue to have the interface mechanism to resume 
executing the Suspended user program task running on the 
processor Simulator. 

0083) One event result may be an interrupt that occurs in 
the digital circuitry during the execution of the time delay. 
The interrupt is communicated to the processor Simulator 
107, and upon receipt of this event result, on resumption of 
the processor Simulator, processes the interrupt by calling an 
interrupt handler. 
0084. The design system 100 also includes a processor 
shell 153 in hardware simulator 103 that simulates activity 
of at least Some of the external hardware entities of the target 
processor, in particular, those signals that are connected to 
the digital circuitry of the target electronic System which 
affect a user program. Included are those hardware variables 
and other hardware entities the user program may acceSS or 
that may generate asynchronous events Such as interrupts. 
AS an example, the hardware shell provides access to the 
reset line or the pause line of a processor. The processor Shell 
normally would provide an interface to the hardware simu 
lator in the hardware description language(e.g., Verilog). 
Note that by “signal' we mean a signal or a hardware 
variable or an event or any other general entity defined 
within the hardware simulator. 

0085. The design system 100 also includes a mapper 147 
that translates information from the Second format under 
Standable in hardware simulator domain, Such as a signal 
assertion to indicate Some asynchronous event, or register 
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contents, or simulation time, to the first data format under 
Standable in the processor Simulator domain, for example, to 
one or more Software variables accessible to the user pro 
gram. Note that mapper 147 is not to be confused with 
memory mapper 125. 

0.086 Since simulation speed is extremely important, and 
Since a Single host processor can only process a Single task 
at a time, the invention also provides for carrying out the 
Simulation in a multiprocessor computer that includes Sev 
eral host processors. In Such a System, the processor Simu 
lator operates on one or more of the host processors, while 
the hardware Simulator operates on one or more other host 
processors. The interface mechanism is programmed to 
handle the communication between the processor Simulator 
host processor, and the other host processors executing the 
processor Simulator. How to implement Such an arrangement 
would be clear to those in the art. 

0087. The invention also provides for carrying out the 
Simulation in a host computer System that includes Several 
host processors interconnected using a network connection. 
In Such a System, the processor Simulator operates on one or 
more of the host processors, while the hardware simulator 
operates on one or more other host processors. The mapper 
and the translator also may operate on a separate host 
processor of the network. That is, the processor Simulator is 
coupled to the mapper and the translator by a first computer 
network connection, with the interface mechanism control 
ling communication between the processor Simulator and the 
mapper and translator over the first network connection. 
Also the hardware simulator is coupled to the mapper and to 
the translator by a Second network connection, with the 
interface mechanism controlling communication between 
the mapper and the translator, and the hardware simulator 
over the Second network connection. 

0088. Note that the tasks of an individual processor 
Simulator can be split acroSS Several host processors of the 
host computer System. Similarly, the tasks of the hardware 
Simulator can be split acroSS more than one host processors 
of the host computer System. Other networked or Standalone 
multiprocessor combinations and permutations of operating 
the elements of the design System will be clear to those in the 
art. 

Cache Modeling and Memory System Simulation 

0089. The preferred embodiment includes as part of the 
analyzer shown in FIG. 1 as 112 that analyzes the user 
program 109 to generate analyzed program 111, a dynamic 
analyzer that performs data acceSS analysis, including insert 
ing hooks to invoke a cache Simulator 121 during execution 
of analyzed program 111. The cache Simulator 121 simulates 
the target processor's cache behavior during execution of the 
analyzed user program 111 on the host computer System. 
The cache Simulator 121 preferably also Stores trace data to 
provide for reporting the run-time Statistics, Such as the 
number of cache references and misses, the hit ratio, and the 
types of cache misses. In the preferred embodiment, this can 
not only show global Statistics about the performance of a 
program, but also show Statistics at individual basic linear 
blocks of the user program, and thus is capable of identify 
ing the location of any bottle-necks (i.e., high miss-ratio 
regions) of the user program 109. The trace data in the 
preferred embodiment is a Set of counters updated for each 
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cache miss. The cache Simulator 121 is useful for tuning the 
user program 109 and for evaluating processor architectures, 
including providing dynamic instruction level timing infor 
mation. 

0090 The cache simulator 121 can simulate several types 
of well known cache Structures using a generic cache model 
that uses a list of parameters to describe both the Structure 
of a particular cache and the policies governing its opera 
tions. A cache configuration file (a text file in our imple 
mentation) is used to specify the values of these parameters 
for a particular processor cache model. Thus, the cache 
Structure is defined by a list of physical Structure parameters 
Specified in the cache configuration description file having a 
syntax described herein below. The parameters include the 
number of blocks (or cache lines), the number of sub-blocks 
within a block, the number of words in each Sub-block, and 
the number of bytes in a word. The cache model can 
Simulate a tree-Structured cache, that is, a cache wherein a 
block at a higher level represents a Sub-cache at a lower 
level. The cache of the ARM 940 processor (ARM Ltd., 
Cambridge, United Kingdom), for example, has a two-level 
tree structure. FIG. 17 shows how the components that are 
used for addressing a cache for an hierarchical Set associa 
tive cache. If the cache is hierarchically Structured, a Series 
of block numbers is used to identify the desired cache block 
(Sub-cache) at each hierarchical level. The address of a 
datum is used to identify the desired cache block in a 
(sub-)cache. An address is built from a Tag (1705), Block 
Numbers (1707-1711), Sub-Block Number (1713), Word 
Number (1715) and Byte Number (1717). 
0.091 A replacement policy specifies a way of choosing 
a victim cache block in a Set to be Swapped out when a new 
entry is mapped onto this Set and all of the cache blocks are 
filled. Two well-known replacement policies are least 
recently used (LRU) and random. A LRU Strategy replaces 
the cache block that was least recently accessed, and a 
random Strategy simply chooses a cache block randomly 
from the Set. Normally, a pseudo-random method is applied, 
which chooses one after the others in order of their block 
numbers in a Set. 

0092. A write policy specifies whether or not an update to 
the external main memory should be carried out when 
Writing to an entry in a cache block. Two well-known write 
policies are write through and write back. A write-through 
policy updates both the cache and the main memory on 
encountering a write, while a write-back policy only writes 
to the cache. The modified cache block is then written to 
main memory only when it is replaced. A Status bit is also 
used to indicate whether the block has been modified (such 
a modified cache block is called “dirty”), and write-back to 
main memory occurs only when the cache block is dirty. If 
there is a write miss in the cache, which means the requested 
entry is not found in the cache block, the entire cache block 
may need to be read in first to the cache before updating a 
Single entry. Strategies to deal with this write-miss include 
1) a write-miss not resulting in writes to cache, So that the 
datum is simply written directly to main memory; and the 
whole block being read in first, followed by a normal 
write-hit action as mentioned in the write policy above. This 
Second Strategy is called write-allocate. 
0093. The refilling policy specifies how many cache 
blocks are to be refilled or brought in to the cache when 
there is a read miss or a write miss with write-allocate. The 
cache blocks are refilled only with entries having adjacent 
addresses. 



US 2002/0019969 A1 

0094. The cache configuration description file used by the 
invention to describe each cache to be Simulated is a text file 
that includes a list of cache definitions, each having two 
components, a header and a body. The header Specifies the 
type of cache: an instruction cache (I-cache), data cache 
(D-cache) or unified cache (e.g., combined cache). The 
cache definition body also has two components: an optional 
field Specifying the number of hierarchical levels, and a list 
of parameter definitions, each specifying the values of the 
parameters at a level. If the optional field is not specified, a 
hierarchical level of one is assumed, that is, a normal flat 
Structured cache. Additional fields can be added to the cache 
definition file to represent any new cache technologies, and 
the cache Simulator extended to Simulate Such technologies. 
In our implementation, the following eleven parameters are 
defined at the lowest level: 

0.095 1. the number of sets (i.e., the set associativ 
ity); 

0096 2. the number of blocks in a set; 
0097 3. the number of sub-blocks in a block, with 
each sub-block having its own valid and dirty bits; 

0.098 4. the number of words in a sub-block; 
0099) 5. the number of bytes in a word; 
0100 6. the write policy (write-back or write 
through); 

0101 7. the replacement policy (LRU or random) 
0102) 8. whether write allocate (Yes or No); 
0103) 9. the number of block refills; 
0104 10. the memory read cycle time; and 
0105 11... the memory write cycle time. 

0106 These parameters are further described below. 
0107 The last two parameters are for simple simulations 
wherein the cache simulator 121 returns the time penalty for 
the cache miss. The invention provides for modeling the 
time penalty incurred by a cache miss at any user-Set level 
of detail. For example, referring again to FIG. 1, the 
description of the target digital circuitry may include a 
hardware bus model 124. The target digital circuitry descrip 
tion may include hardware memory model 122. The inven 
tion provides for Simulating in hardware the execution of the 
required number of bus cycles and memory accesses using 
the hardware bus model 124 whenever the cache simulator 
determines there a cache miss. Thus, fully dynamic simu 
lations also are provided for wherein a cache miss results in 
the cache simulator 121 of the processor simulator 107 using 
the communications mechanism 141 to Send event informa 
tion to the hardware simulator 103, the event being to 
execute the required number of bus cycles on the bus model 
part 124 of the target digital circuitry description. This 
causes the suspend mechanism 149 (FIG. 1) to suspend 
operation of the processor simulator 107. The hardware 
Simulator 103 now processes the associated event informa 
tion by executing a number of bus cycles on bus model 124 
(and optionally the required number of memory cycles on 
memory model 122) and returns to the processor Simulator 
107 when it has completed the operation. The resume 
mechanism 151 (FIG. 1) now resumes operation of the 
processor simulator 107. 
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0108). If the number of sets is one, i.e., the cache is 
direct-mapped cache, the replacement policy is ignored. At 
other intermediate levels, only three parameters are defined: 

0109) 1. number of sets; 
0110 2. the number of blocks (sub-caches) in a set; 
and 

0111) 3. the replacement policy (optional). 
0112 The syntax of the cache configuration file is illus 
trated below: 

icache dcache cache 

NumCof Level: int (optional) 
StructureLevel 1 

NumberOfSet: int 
NumberOfElock: int 
NumberOfSubBlock: int 
NumberOfWord: int 
NumberOfEyte : int 
WritePolicy: (WriteBack WriteThrough) 
ReplacePolicy: (LRU random) 
WriteAllocate : (Yes | No) 
Memory Read Cycle : int 
Memory Write Cycle : int 
NumberOfElockRefills: int 

StructureLevel n (where n is an integer greater than 1) 

NumberOfSet: int 
NumberOfElock: int 
ReplacePolicy: (LRU random) 

0113 As an example, consider the ARM 94.0 I-cache 
shown in FIG. 18. This cache has a two-level structure. At 
the top level, it is direct-mapped, and at the bottom level, it 
is 64-way set-associative. The description file for this 
ARM940 instruction cache is as follows. 

NumOfLevel: 2 
StructureLevel 1 
{ 

NumberOfSet: 64 
NumberOfElock: 1 
NumberOfSubBlock: 1 
NumberOfWord: 4 
NumberOfEyte : 4 
WritePolicy: WriteBack 
ReplacePolicy: random 
WriteAllocate : Yes 
Memory ReadCycle : 2 
MemoryWriteCycle : 3 
NumberOfElockRefills: 1 

StructureLevel 2 

NumberOfSet: 1 
NumberOfElock: 4 

A Design Example 
0114. A typical electronic system that can be simulated 
using the preferred embodiment co-simulation design SyS 
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tem can include many components that are either in the form 
of digital circuitry or as Software comprising one or more 
user programs to run one or more target processors. The 
digital circuitry is implemented using an HDL. Software 
components include the user programs, and may include 
behavioral modeling of Some hardware components. 
0115 Various aspects of the invention will be explained 
with reference to an example electronic System using those 
aspects to design the example System. The example elec 
tronic System, which in itself is prior art, but when Simulated 
using the invention is not prior art, is illustrated in FIG. 8. 
0116. The particular electronic system 800 of the 
example includes two target processors named processor 1 
and processor 2, each a MIPS R4000 processor (MIPS 
Technologies, Inc., Mountain View, Calif.). The two target 
processors communicate through a simple protocol imple 
mented in a transmitter control logic module 803 and a 
receiver control logic module 805. The transmitter control 
module 803 and receiver control logic module 805 are 
interfaced to the busses BUS 1 and BUS 2 of target 
processors 1 and 2, respectively, via a transmitter R4000 bus 
interface module 807 and a receiver R4000 bus interface 
module 809, respectively. Both processor systems include 
memory. In Simulation, each memory responds to processor 
cache miss cycles which appear on either proceSSorbus, and 
respond to DMA cycles to transfer data to/from the memory. 
0117. In this example, processor System 1 loads an image 
then programs its DMA controller to transmit it. It does So, 
a byte at a time, through the transmitter, to the receiver 
module in processor System 2. The receiver System performs 
two DMA transfers, the first, to receive the image header 
information, and the Second, to receive the image into 
memory. Each DMA transfer Signals completion through the 
assertion of a DMA complete interrupt. When the full 
image has been received, processor System 2 then performs 
various filtering operations on the image and displays all 
images. 
0118. The electronic system includes four major software 
components, a software module 831 written in C to run on 
target processor 1 (the processor shown as 815) under 
control of an operating system 833. When started, software 
831 reads in an image file then transferS the image, pixel by 
pixel, to the Second processor. Interrupt handler Software 
module 832 is invoked on completion of a DMA transfer. 
0119. On the receiver side, a software module 851 con 
tains code which receives the image to be processed then 
filters the image. Software 851 runs on processor 2 (shown 
as 817) under control of operating system 853. An interrupt 
handler 852 is invoked on completion of each DMA transfer. 
0120. On the hardware side, each of BUS 1 of processor 
1 and BUS 2 of processor 2 is respectively coupled to DMA 
controller 808 and DMA controller 818, respectively, 
memory 806 and memory 816, respectively, and bus inter 
face 807 and bus interface 809, respectively. These modules 
are all modeled in Verilog. The transmitter and receiver 
control modules 803 and 805 are hardware modules, and in 
one version make use of the two signals 841 and 843 in a 
two-signal asynchronous protocol to transfer data from 
processor 1 to processor 2 to enable processing by Software 
module 851 of data transmitted by Software module 831. 
The data bus 819 also is modeled in Verilog. 
0121 Note that the Verilog memory model 122 prefer 
ably uses the host memory System for Storage of data as 
described herein below. 
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0.122 ADMA version uses the DMA request generators 
811 and 812 for the transmit and receive DMAS, respec 
tively. 
0123 Operation of a multiprocessor system such as the 
example system of FIG. 8 may be simulated by a design 
system 200 shown in FIG. 2. Design System 200 has two 
processor simulators 207 and 208 simulating the operation 
of both software program 831 and interrupt handler 832 on 
processor 815 and Software program 851 and interrupt 
handler 852 on processor 817. The hardware simulator 203 
Simulates digital circuitry using the description of the target 
circuitry 205 which includes: 1) the model of data bus 819; 
2) the models of transmitter control 803, transmitter bus 
interfaces 807, the DMA request generator 811, the DMA 
controller 808, and memory 806 as image transmitter cir 
cuitry 225; and 3) the models of receiver control logic 805 
receiver bus interface 809, the DMA request generator 812, 
the DMA controller 818, and memory 816 as image filter 
circuitry 227. 
0.124. There also are processor models for both proces 
Sors that provide a Software interface in the respective 
processor Simulator for the required control Signals to and 
from the transmitter and the receiver bus interfaces. The 
processor model for each of the processors in shown in FIG. 
16. Note that the processor models for each of processor 1 
and processor 2 include components modeled in hardware 
and components modeled in Software. 
0.125 Note that co-simulation design system 200 is basi 
cally co-simulation system 100, with an additional processor 
simulator. The operation thus follows that decribed above 
for design simulator 100. 
0.126 An interface mechanism 219 comprising a message 
passing kernel is included coupled to the two processor 
Simulators and to the hardware simulator. The interface 
mechanism in this embodiment includes the mapper and 
translator. The interface mechanism also includes a Single 
Suspend mechanism 249 and a single resume mechanism 
251 to provide for Suspending and resuming the operation of 
each of the processor Simulator tasks. 
0127. The host computer system may include a computer 
network, the processor 1 simulator 208 and processor 2 
simulator 207 may each run on different host processors of 
the network, So that the processor Simulators are coupled to 
the hardware Simulator by network connections. In Such a 
case, the interface mechanism would control communica 
tions over the network connections. 

0128 Note that while two processors are shown here, it 
will be clear to those in the art from this two-processor 
example how to extend the System to Simulating the opera 
tion of any number of processors. 

Operating System and ASSembly Language Support 
0129. User Software usually operates in a target processor 
under the control of an operating System. The invention 
Supports operating System (OS) modeling, and Such OS 
included by Several methods and means. 
0.130. The preferred embodiment supports three ways. 
The first is to emulate the function and timing of the target 
operating System using a message passing operating System 
called EMERE herein. This is a very effective mechanism, 
especially when the user application code for operation on 
the target processor uses POSIX style system calls, for 
example, open, create, read, Write, Seek, and close. 
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0131) A second way of including OS modeling is to use 
a target OS Simulator. Several Such operating System simu 
lators are available. For example, VXSimTM simulates the 
VxWorksTM operating system (VxSim and VxWorks from 
Wind River Systems, Inc, Alameda, Calif.). This strategy 
deliverS function and average timing, but not timing for the 
actual run. 

0132 A third approach is to include the target operating 
System as part of the user program in the Simulation envi 
ronment. Since the invention provides for rapid processor 
Simulation Speeds that Simulate execution at Speeds at or 
close to the same order of magnitude as the actual execution 
Speed of the user program on the host computer System, the 
Simulation environment of the present invention has the 
Speed to boot a complete OS and application Software. One 
way of doing this is to include the source code of the OS. 
This clearly requires having access to the OS Source code, 
and also knowledge of the operating System. AS an alterna 
tive, one can disassemble the object code of the target OS 
into assembly code, which can then be included in the user 
program as described in the next paragraph. This third 
approach provides complete function and timing. 

0133. The invention also provides for several mecha 
nisms for manually including assembly code in a user 
program. One mechanism for incorporating the assembly 
code into C code is to use a construct Such as the 'asm 
construct of “C for the Gnu GCC compiler (Free Software 
Foundation, Boston, Mass.). This identifies a block of target 
assembly code embedded within the C code. The analyzer 
proceSS regards this as a Single block of code and produces 
appropriate model timing and functionality accordingly. If 
there is a lot of assembly code, then yet another technique 
for adding assembly code is to break the code up into basic 
linear blocks and Separately embed each basic block into the 
C code, for example using an “asm construct. This helps 
the analyzer to correctly model pipeline interactions. Yet 
another way to include assembly code is to convert it to 
equivalent C. Object code also may be added to a user 
program. Doing So is a variation of adding assembly code. 
The user first disassembles the target object code using a 
disassembler. The resulting assembly code can then be 
added. 

0134) Operation of the invention 

0135) Operating the invention will now be described. The 
preferred embodiment provides a view of the simulation 
environment using a debugger, and other embodiments do 
not necessarily use a debugger. A waveform viewer also is 
provided for viewing any of a Set of desired hardware 
variables. In particular, the Gnu GDB debugger is used (Free 
Software Foundation, Boston, Mass., also available on the 
World Wide Web at http://www.gmu.org), and other debug 
gers may be used instead. While the invention does not 
require use of an HDL for the hardware simulator, the 
description will be provided using Verilog, and using the 
Super FinSiMTM Verilog simulator from Fintronic USA 
(Menlo Park, Calif.). 
0.136 Thus, in the preferred embodiment, the debugger 
Starts the Simulation, and in the preferred embodiment first 
Starts the kernel in the interface mechanism. The kernel thus 
Starts the hardware simulation as a task. AS the hardware 
Simulation progresses, it invokes one or more processor 
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Simulators by passing a message to the interface mechanism 
which then Starts the processor Simulators as tasks under the 
message passing kernel. 

0.137. A tool is provided for setting up all the files 
required. The user programs may need to be modified for 
operation in the co-simulation design System by replacing 
Some of the input/output commands that interact with hard 
ware with the equivalent calls that are available in the 
system (See under “Interface Functions” herein below). In 
addition, Some of the operating System calls may have to be 
changed to those of the particular operating System used in 
the Simulation when the Simulation environment and the 
final target System are to be run under different operating 
Systems. These changes are to account for differences 
between the Simulation included operating System and the 
final target operating System. 

0.138 Sample modules that might be set up to simulate 
the example of FIG. 8 are shown in module arrangement 
1000 in FIG 10. 

0139 Electronic System 1003 is the top level Verilog 
module that instantiates two Verilog modules, Image TX 
1005 and Image Filter 1007. Image TX module 1005 is a 
Verilog module which instantiates the Transmitter Verilog 
module that includes the transmitter part of the digital 
circuitry (Image TX Circuit 225), and the Processor 1 
Verilog 1009. The Processor 1 Verilog 1009 in turn is used 
to instantiate processor 1 simulator 208. Image Filter mod 
ule 1007 is a Verilog module which instantiates the Receiver 
Verilog module that includes the receiver part of the digital 
circuitry (Image Filter Circuit 227), and the Processor 2 
Verilog 1011. The Processor 2 Verilog in turn is used to 
instantiate processor 2 simulator 207 (FIG. 2). 
0140. In instantiating processor 1 simulator 208, the 
processor 1 HDL instantiates a copy of the EMERE oper 
ating system, EMEREL 222. EMERE 1 starts up the Image 
TX program, the C program to carry out the file retrieval and 
image transmitting. This in turn has a pointer to the image 
pixel file IMAGE. PXL that contains the image data. 
0.141. In instantiating processor 2 simulator 207, the 
processor 2 HDL instantiates another copy of the EMERE 
operating system, EMERE 2 shown as 221. EMERE 2 starts 
up the Image Filter program, the C program to carry out the 
image filtering function. 

0142. Thus, the debugger starts the simulation, and typi 
cally first starts the kernel in the interface mechanism that in 
turn starts the hardware simulation. The first task is a 
hardware task, and Some processor Shell Signal being 
asserted in the hardware starts the C language modules (the 
two operating System modules). 
0143. The Verilog implementation takes advantage of the 
availability in Verilog of the ability to include code in 
another language, in particular, the programming language 
interface (PLI) mechanism of Verilog, to invoke a user 
task/function (a processor simulator) from a hardware 
description. In the preferred embodiment, this mechanism is 
used to invoke the processor Simulator from the hardware 
simulator via the interface mechanism. When a PLI gets 
Started, the interface mechanism has control and is then able 
to start the processor Simulator. In particular, the processor 
Simulator, and in particular the operating System, is spawned 
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from the Verilog wrapper every time the System receives a 
positive transition on a start Signal called Start. 
0144 VHDL also includes a mechanism called foreign 
attribute/entity for including a module not in VHDL in a 
VHDL simulation, and the VHDL implementation of the 
invention uses the foreign attribute mechanism to Start the 
processor Simulator from the hardware simulator with Some 
Signal that is part of the processor Shell. During operation, 
this causes the interface mechanism to Start the processor 1 
Simulator. 

0145 Thus in the preferred embodiment described 
herein, the hardware simulator is first invoked by the kernel 
and any processor Simulators are then Started later by the 
hardware simulator (via the interface mechanism). In an 
alternate embodiment, the interface mechanism could 
include all control, So that the Software tasks Such as the 
processor Simulators are not started by a mechanism Such as 
a PLI in the hardware simulator, which then leads the 
interface mechanism to Start the processor Simulator, but 
rather the interface mechanism would control the processor 
Simulator and the hardware simulator using one or more 
event queues in the interface mechanism. In yet another 
alternate embodiment, the processor Simulator can initiate 
the hardware Simulator. 

0146 Prior to execution, the user may insert debugger 
breakpoints in the user programs for each processor Simu 
lator. Prior to execution the user can enable or disable the 
breakpoints. AS the Simulation is run under debugger con 
trol, whenever a breakpoint is encountered, the debugger 
Stops execution. At this point, any Software variable in any 
of the processor Simulators and any hardware variable in the 
hardware simulator may be examined. The particular imple 
mentation of the invention provides a window on the viewer 
Screen for each of the processor Simulators and for the 
hardware simulator. When the Systems stops at a breakpoint, 
the current instruction is highlighted. In addition, the imple 
mentation provides a “voltmeter’-like “value watch' win 
dow, at user option, to examine any hardware entities as the 
Simulation proceeds. The environment also provides for 
Single Stepping both the processor Simulators one instruction 
at a time, and the hardware Simulator any number of time 
units at a time. 

0147 The preferred embodiment environments provides, 
at user option, both a command line operating mode, and an 
interactive mode under a graphical user interface. 

The Interface Functions 

0.148. In the preferred embodiment, a library of functions 
is provided that span the hardware/Software interface and 
that can be inserted into the user program to facilitate 
communication between the processor Simulator and hard 
ware Simulator, and to affect Synchronizations. These calls 
allow for information to be passed between the processor 
Simulator and the hardware simulator, and include the trans 
lator when the information is passing to the hardware 
Simulator, and the mapper when the information is passing 
from the hardware simulator to the processor Simulator. That 
is, these functions are provided for inclusion in the user 
program, and Some functions translate event information 
from the first data format of the processor simulator to the 
Second data format of the hardware simulator, while Some of 
the other functions, Such as those dealing with asynchronous 
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events, deal at least in part with translating a hardware 
variable in the second data format to the first data format of 
the processor Simulator. 

014.9 Thus, in general, the interface functions use the 
general callback mechanisms in the hardware simulator to 
implement a bi-directional flow of information and control 
between the hardware simulator and processor Simulator. 
Some processor model Shell functionality, for example, is 
carried out in Verilog using the programming language 
Interface (PLI) mechanism, and in VHDL using the foreign 
attribute mechanism, which works differently from the Ver 
ilog PLI. This translates a hardware signal variable in the 
HDL environment to a software variable in the user pro 
gram. 

0150. Thus, interface functions form a software shell to 
provide the user program access to the processor Signals 
coupled to the digital circuitry in the electronic System. 
Those interface functions are implemented in the Verilog 
version using the low level IEEE standard Verilog PLI 1.0 
and PLI 2.0 functions such as Verilog’s “tf' and acc 
functions. These are difficult-to-use low level functions that 
allow for Scheduling of events, etc., in Verilog. The preferred 
Verilog implementation of the invention is implemented 
using these functions to build Software shell interface func 
tions that are much easier to use in a higher-level language 
user program to provide access to the hardware simulation 
from the user program running on the processor Simulator. 
For example, the Verilog environment has a general regis 
tration mechanism that allows a user to register a callback 
function (e.g., a C function) that is associated with a 
hardware variable, that causes the function to be invoked 
whenever that variable changes state. The preferred embodi 
ment implementation of the interface mechanism uses this 
general call back mechanism. For example, those interface 
functions that wait for hardware variable changes use these 
functions. 

0151. Note that while the interface functions are used in 
the invention for interactions between the hardware simu 
lator and the processor Simulator, a user can take advantage 
of the availability of these functions and use them in a 
hardware simulation to behaviorally simulate part of the 
digital circuitry. 

0152. When a user prepares a user program for simula 
tion, the user may insert interface functions, for example, to 
get or update the State of input or output ports. Whenever the 
analyzer encounters a call to an interface function in the user 
program, it inserts a block boundary at that point, So that 
accurate timing up to the call is provided for the processor 
Simulator. 

0153. A sampling of interface functions is described in 
above-mentioned incorporated by reference U.S. patent 
application Ser. No. 09/430,855. Clearly different functions 
may be provided in different implementations, and certainly 
the form of any of these functions is not meant to be limiting. 
Other forms may be used. 
0154) The following are some of the provided functions: 

O155 The PutPort (vast putport (int *)) and GetPort 
(vast getport(int)) interface functions cause the States of 
all other tasks including the hardware simulator to be 
brought up-to-date. 
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0156 The WaitEvent function (vast waitevent(unsigned 
int *, unsigned int)) waits for the occurrence of any event 
or time out on the given delay. 
O157 The WaitPort function (vast waitport (int *)) waits 
for the occurrence of a value change at the given port before 
continuing to execute the calling task. 

0158 The GetTime function (vast gettimeO) returns the 
current hardware simulator time, i.e., the System simulation 
time. 

0159. There also is a CreateRef function for creating a 
reference (void * vast createref (char *name)) to an HDL 
variable, Such as a Verilog net, register, integer or real 
variable in the case of Verilog HDL. This is analogous to 
defining in the user program a memory location for Some 
hardware register so that the GetVar and PutVar functions 
can be used like mapped memory input/output. 

0160 Once a reference is created, the WaitVar function 
(int vast waitvar (void *varaddr)) is available that waits for 
a specified hardware variable to change its value. Similarly, 
functions for respectively retrieving (void vast getvar (void 
*varaddr)) and writing to (void vast Putvar (void* varaddr)) 
a hardware processor variable are also provided. 

0.161 The preferred embodiment also allows for auto 
matically reading or writing to memory mapped devices, 
that is, devices that have target addresses. Such devices and 
their target addresses are defined, for example, in an infor 
mation file (called vpm. info file-see herein below). Code 
is inserted during the analysis process that defines variables 
that enable host access to the devices, using, for example, 
host variables for the devices addresses. During run time, 
prior to any data accesses (read or write), a determination is 
made as to whether an address is the address of a device or 
memory. If a device, then the read or write to the device is 
executed using the interface functions. For example, a write 
is executed by implementing the necessary interface func 
tions to cause the data written out to the device, including 
executing the required number of bus cycles on a hardware 
model 124 of the bus when included in the description 105 
of the digital circuitry. See below for more details on how 
the memory mapping is made. 

0162 The preferred embodiment also allows for inclu 
Sion of code Such as debugging code that is interpreted by 
the analyzer as executing in Zero time on the target proces 
SO. 

0163 Functions are also available for the handling of 
asynchronous events Such as interrupts. One Set function 
(vast enableasy nevent) enables asynchronous events, while 
another (vast disableasy nevent) disables all asynchronous 
events. A function is also provided for registering the 
handler program provided as an asynchronous event handler 
function. The asynchronous event handler function is called 
when an asynchronous event occurs. The registration func 
tion (vast regasy neventhandler(void (f)0) accepts a func 
tion pointer pointing to the asynchronous event handler 
function. 

0164. Asynchronous events are described in more detail 
in above-mentioned incorporated by reference U.S. patent 
application Ser. No. 09/430,855. Briefly, the preferred 
embodiment uses a special hardware variable asynevent. 
When Set to 1, on resumption of the processor Simulator, the 
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asynchronous event handler function pointed to by the 
vast regasy neventhandler () will be called if the asynchro 
nous event is enabled. 

Timing 
0.165 Typical operation will now be explained with the 
aid of FIG. 9 which shows an example of the timing of 
execution of a design system such as that of FIG. 2 
including two processor Simulators and the hardware simu 
lator. 

0166 The hardware simulator provides the simulation 
time frame. Any units of time may be used, and clock cycles 
will be assumed to be the unit of time. Each of processor 1 
and processor 2 may have different Speeds and thus its own 
Simulation time. ASSume that the first task is Some execution 
for a time AT1 until time T1. At this time, a start signal in 
the digital circuitry starts the processor Simulator for pro 
cessor 1. Processor 1 executes for a time AT2 until time T2 
(measured in processor Simulator 1's simulation time). Sup 
pose at this point, processor Simulator 1 encounters a 
memory reference that causes the cache Simulator to per 
form a cache lookup, and the cache lookup determines that 
there has been a cache miss. This cache miss event causes 
processor Simulator 1 to use its communication mechanism 
to send the event information to the hardware simulator. This 
in turn causes the Suspend mechanism 249 to Suspend 
operation of processor simulator 207. 
0167. Note that while processor simulator 207 has con 
Sumed AT2 of simulation time, the hardware simulator 203 
has not moved because the processor simulator executes So 
much faster than the hardware Simulator on the host com 
puter System. Thus when the information is communicated 
to the hardware simulator, it is still at time T1. 
0.168. The hardware simulator 203 now processes the 
asSociated event information, which in this example is to 
execute a required number of bus cycles on the target bus 
model included in the processor 1 HDL. Hardware simulator 
returns to processor 1 simulator 207 when it has executed the 
required number of bus cycles, Say time delay AT2 at time 
T2. 

0169 Starting from T2, processor 1 executes for a time 
AT6 until time T5 (measured in processor simulator 1's 
Simulation time). Suppose at this point, processor Simulator 
1 encounters an interface function, Such as a putvar function 
to Send a Signal to the digital circuitry. It now uses its 
communication mechanism to Send the event information to 
the hardware Simulator. This in turn causes the Suspend 
mechanism 249 to Suspend operation of processor Simulator 
207. While processor simulator 207 has consumed AT6 of 
simulation time, the hardware simulator 203 has hardly 
moved, so is still at time T2. The hardware simulator 203 
now processes the associated event information, which may 
be to determine a variable and return its value to processorl 
simulator 207 when it has executed the time delay AT6 at 
time T5. However, before reaching T5, after only AT3 of 
Simulation time has been consumed, at T3 (<T5), a signal in 
the digital circuitry causes the Second processor Simulator 
(processor 2 simulator 208) to start executing. It processes 
for AT4 and encounters an interface function at time T4, at 
which time it send the information associated with the 
interface function encountering event (e.g., an input/output 
instruction) to the hardware simulator 203, which has not 
progressed beyond T3. 
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0170 The hardware simulator 203 now continues to 
execute, including processing the new event information, 
until it reaches time T4, at which time the processor Simu 
lator 207 task in the event queue of the interface mechanism 
causes the resume mechanism 251 to re-start the Suspended 
process. Processor 2 simulator 208 now processes for time 
AT8 at which time another significant event occurs. This 
causes the hardware simulator to process until the next time 
in its queue. This occurs after AT8 at time T5 when the 
processor 1 simulator 207 recommences operation. The 
processor 1 continues operation until the next significant 
event, which occurs at time T6. The Significant event is to 
wait AT11 units of simulation time. Note that one aspect of 
the invention is the capability of modeling processing to a 
Selected level of accuracy, and in this instant, the user has 
selected to “behaviorally” model rather than accurately 
model hardware known to require AT11 units of simulation 
time to operate as a means of Saving host computer Simu 
lation time. So the Software task is now Suspended and the 
interface mechanism returns to the hardware Simulator not 
long after T5 in the hardware simulator's time frame. 
0171 Starting from T5, the hardware simulator executes 
for AT10 until T6. The hardware simulator now reaches the 
time when the first processor Simulator's operation was 
Suspended (in hardware simulation time). Note that the 
hardware Simulator does not pass control to the Software 
task, but rather continues to process for the AT11 delay 
requested. That is, the event queue information on the 
processor 1 simulator is to restart at time T7. When hardware 
simulator 203 reaches T7, the processor 1 simulator 207 
indeed resumes operation for AT12, and So forth. 

Analysis of the User Program 

0172 Detailed operation of the analysis process (per 
formed in our implementation by a program called VPMA) 
is now described. The analysis of a user ‘C’ program is 
carried out with reference to the particular virtual processor 
model. The Virtual processor model includes a file of param 
eters for the particular target processor, and contains, for 
example, how memory is partitioned, whether the processor 
includes a pipeline, and if yes, the number of Stages in the 
instruction pipeline of the target processor, data on the 
cache, data on instruction timing, information on how to 
parse instructions on the assembly language of the proces 
Sor, and other components used by the analysis process. The 
part of the virtual processor model used by the analyzer is 
called target processor Specific information herein. 
0173 The user ‘C’ program to be analyzed is preferably 
available in the form of a file that includes a set of 'C' 
functions. The result of the analysis is an analyzed 'C' 
program that when run on the host processor provides timing 
information that considers pipeline effects Such as pipeline 
hazards (if a pipeline is included), and that invokes the cache 
Simulator when there are memory references. 
0.174. By static analysis we mean analysis that determines 
timing information and does not require execution of the 
program. Such Static analysis provides timing information 
about instruction timing, and considers pipeline effects Such 
as pipeline hazards if the processor included a pipeline. 
Above mentioned incorporated by reference U.S. patent 
application Ser. No. 09/430,855 described static analysis in 
detail, and the Static analysis part of the operation of 
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analyzer 113 will only be summarized herein. By dynamic 
analysis, we mean analysis of the user program to generate 
an analyzed program. Dynamic analysis provides for certain 
timing information to be generated during execution of the 
analyzed user program. 

0175 FIGS. 3A, 3B, and 3C show flow charts of the 
analysis process 300, which include static and dynamic 
analysis, and show how the information produced by the 
analysis process is used. Referring first to FIG. 3A, the first 
Step of the analysis proceSS 300 is preprocessing the user 
program Source 303 to expand any macroS. This generates 
expanded user program 307. The expanded user program is 
now Subject to data reference parsing (Step 309), including 
D-cache parsing. This data reference parsing Step 309 uses 
a first 'C'-language user program parser and includes insert 
ing one or more data reference hooks into the user program 
whenever a memory reference is made, and thus generates 
a modified user program 311 with data reference calls. In the 
particular embodiment, the data reference hooks are inserted 
before any Statement that includes a memory reference. The 
hooks are in the form of calls to a data reference function 
called Vpm dc () which determines if the reference is to a 
device or memory, and if to memory, builds an entry to be 
processed by the cache Simulator Simulating the data cache. 
The syntax is 

0176 vpm dc(addr, read, size) 
0177 where addr is the address in the memory reference, 
read indicates whether this is a read or write reference 
(read=1 indicates a read, while read=0 indicates a write), and 
Size is the Size of the item being referenced. For example, the 
C Statement 

0179 would have the following two memory reference 
calls inserted before the Statement in D-cache parsing Step 
309 and one statement after, as follows: 

0180 (vpm flushwrite(), 
0181 vpm dc(&y, 1, sizeof(y)), 
0182 vpm dc(&x, 0, sizeof(x)), 
0183 x=y) 
0184 
0185 
0186 (vpm flushwrite() . . . , 

0187 where the first vpm flushwrite () call is inserted to 
flush the device writes from the previous statement. The 
second flushwrite shown above is for the previous data 
write. As described in more detail below, when the Vpm dc 
call is executed, the memory mapper 125 is called and 
determines if the reference address is a device address or a 
memory address. If the address is not a device address, the 
memory reference is added to a list of references that are to 
be looked up in program order at the end of the block using 
the cache Simulator. If it is a device address, and a read 
access, then the read from the device is executed immedi 
ately. If it is a device address, and a write access, then the 
write needs to be delayed until after the instruction has been 
executed on the host. In Such a case, Vpm dc when run 
queues the write to the device. One or more Such writes may 
be queued before the Statement is executed. The inserted 
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Vpm flushwrite () function de-queues all the writes on the 
queue and executes them, i.e., sends the data to the one or 
more devices. 

0188 Note that the code insertion becomes more com 
plex for compound or complex user program Statements. For 
example, X++, X----, or --(x++) will produce complex 
insertion. Furthermore, Some of the code insertion will occur 
within the Statements. For example, the program line 

0189 for (i=2; i-n; i++) 
0.190 results in the following fragment in modified user 
program with data references 311. 

0191) for ((vpm flushwrite(), 
sizeof(i)), i=2); 

0192 (vpm flushwrite(), vpm dc(&(i), 1, sizeof(i)), 
0193 vpm dc(&(n), 1, sizeof(n)), iz=n); (vpm 

flushwrite(), 
0194 vpm dc(&(i), 1, sizeof (i)), vpm dc(&(i), 0, 
0.195 sizeof (i)), i++)) 

0196) The first vpm flushwrite is to flush any previous 
write references. 

Vpm dc(&(i), 0, 

0197) The analysis process also includes parsing the user 
C program 303 to determine the linear blocks. In the 
particular embodiment, block parsing Step 313 uses a Second 
"C-language user program parser which Searches for the 
language constructs that identify the beginning and end of 
Such linear blocks, and places start and end block informa 
tion in these locations. AS described in detail in above 
mentioned incorporated by reference U.S. patent application 
Ser. No. 09/430,855, in the particular embodiment, second 
user program parser 313 places labels at the beginning of 
each linear block. The result of this step is a modified 'C' 
program file 315 with block information. 
0198 Note that normally, linear block boundaries are 
natural constructs in a language Such as C, and analyzing the 
program block by block to determine timing information 
allows the analyzed program to run fast on the host proces 
Sor. To provide for accurate timing calculations at the 
beginning and end of a multi-instruction linear block, linear 
blockS may be defined to be as short as a single instruction. 
In Such a case, the analyzed program would run more slowly 
on the host computer System, but executing Such a finely 
analyzed program, when required, would produce accurate 
timing information. 
0199. Once the linear block boundaries are determined, 
the next Step in the analysis is determining by Static analysis 
the time delay for each linear block of the user using 
characteristics of the target processor. This is shown in the 
flow chart of FIG. 3A as the set of blocks 317. Each step in 
the Static time delay determining process 317 is now dis 
cussed for the preferred embodiment case of the user pro 
gram including code in Some higher-level language Such as 
C. Alternate higher-level language embodiments might 
include C++ Statements in the user program, or Statements 
in Some other programming language. 
0200. The first step in 317, shown as 319, is cross 
compilation on the host processor of the modified user 
program file 315 into the assembly language of the target 
processor. This generate a target assembly code file 320 
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corresponding to the 'C' user program, but with the labels 
that were applied in the parsing Step 313 incorporated. For 
this, a compiler (“cross-compiler”) that generates assembly 
language for the target processor is run on the host processor. 
Note that each different type of processor needs its own 
cross-compiler, So when a virtual processor model is 
Selected, the particular cross-compiler to use in analysis is 
also specified. Which cross-compiler to use is thus part of 
the target processor Specific information. 
0201 The next step shown as 321 includes parsing the 
assembly language of file 320 line by line to determine the 
time delay in clock cycles required for each line, and the size 
in bytes of target code of each line. Simultaneously, a timing 
analysis process (also in Step 321) is started. The assembler 
parsing process of Step 321 communicates with the timing 
analysis process of Step 321 via a communication channel to 
pass timing information, including adjustments for pipeline 
effects in the case of a processor that includes a pipeline, to 
the timing analysis process. 
0202) The result of the assembly parsing the timing 
analysis Step 321 is a Set of timings for each linear block in 
the C code. A Set of Sizes of each blockS also is produced. 
The timing and size information of the blockS is shown as 
323 in the flow chart of FIG. 3A. 

0203 The analyzer, in step 325, now parses the modified 
user program 311 using a third 'C' language user program 
parser. The parser ignores all Vpm dc and Vpm flushwrite 
(data reference or cache-related) calls, and breaks the modi 
fied user program 311 into linear blocks, keeping track of the 
block numbers in the same way as block parsing Step 313, 
but without inserting the block boundary labels into the 
program. 

0204 Step 325 also includes combining the linear block 
timing and size information 323 with the modified user 
program 311 that includes data references, and inserting 
hooks (in this implementation, function calls) to call the 
D-cache Simulator and the I-cache Simulator, thus generating 
an analyzed C program file 327 that includes static infor 
mation for determining instruction timing information for 
the linear blocks, and code to dynamically determine timing 
effects caused by cache effects for references that might 
require a cache lookup. This provides the timing information 
for the processor simulator 107 (FIG. 1). 
0205) 

0206 inserting prototypes of the function being 
used and definitions of the devices (with any host 
address mechanisms); 

0207 inserting a set of static arrays to include the 
timing and the size of each block from using timing 
and size information 323; 

0208 replacing any dynamic memory allocation 
Statements in the user program with Special versions 
of the dynamic memory allocation calls that in run 
time allocate host Space, and keep track of how 
memory would be allocated or de-allocated in the 
target processor. This aspect is further described 
below; 

0209 inserting 'C' statements in each block (pref 
erably at the end) to increment a global delay counter 
for that block; 

In particular, step 325 includes: 
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0210 inserting calls for those aspects of timing that 
cannot be determined until runtime. This includes 
code (hooks) in the form of calls to the instruction 
cache and data cache Simulator. See below for more 
detail. It also may include for example, code (hooks) 
to call a bus access Simulator or bus access and 
memory acceSS Simulator at runtime, and code to 
trap any execution exceptions Such as arithmetic 
exceptions also may be inserted; and 

0211 inserting Statements to make Sure that line 
numbering is maintained, and that when the program 
is run under debugger control, the debugger will 
ignore the added Statements. 

0212. Each of the hooks for the instruction cache simu 
lator that is inserted in modified program 311 is inserted at 
the end of each block, in the form of a function call to a 
function that uses the size information in timing and size 
information 323. The particular function is named vst I 
Cache in our implementation. VSt ICache during execution 
returns the delay caused by the I-cache Simulator lookup. 
The syntax of vst ICache is 

0213 VSt ICache? function index, accumulated 
size,block size) 

0214) where function index is the index of the function, 
accumulated size is the accumulated size of the function up 
to the block boundary, and block size is the size of the 
block. 

0215. In order to process the hooks for the data references 
(which may be data cache references) that are inserted in 
modified program 311, a data cache hook is inserted at the 
end of each block, also in the form of a call to a function. 
During execution, a list of data references is built up in the 
block from all the vpm dc calls. The function inserted at the 
end of each block calls the cache Simulator to look up the 
data cache for all the references in the list, in execution 
order. The particular function is named VSt DCache in our 
implementation. VSt DCache has no parameters, and during 
execution returns the delay caused by the D-cache Simulator 
lookup of all the memory references in the block, the 
execution in order of appearance in the linear code block. In 
addition to the VSt Dcache call, a call is inserted to a 
function called Vpm resetdc. Vpm resetdic resets the list of 
memory references used for the previous block, So that the 
Vpm dc calls in the next block correctly build up a list of 
data references (e.g., memory references) for that next 
block. 

0216 Note that building up a list of data cache references 
(using Vpm dc calls) and then processing the accumulated 
list of memory references when the end of the block is 
reached is one way of implementing the invention. In an 
alternate implementation, the data reference hook (function 
Vpm dc) could call the cache Simulator for the data cache 
Simulator directly rather than waiting until the end of the 
block. 

0217 Thus, the analysis process includes inserting hooks 
in the user program for references that might cause a cache 
lookup, Such hooks including the Vpm dc calls and VSt D 
cache calls for data references, and VSt Icache calls for 
references that are to instructions. 

0218. The analysis program also inserts, as part of merge 
step 325, code at the start of each new function to determine 
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the index of the function and to keep track of all indices for 
each of the functions in the user program. The function 
vst NewFID(function name) returns the index of the func 
tion. When executed, it looks up the I-cache Simulator and 
determines if an indeX already exists for this function. If not, 
it generates a unique new indeX and registers the function 
name and the new indeX in the I-cache Simulator. If an index 
already exists, the function vst NewFID returns the existing 
function indeX. 

0219 Variables also are provided that allow the D-cache 
and I-cache to be turned on or off during program execution. 
These variables are called vst ICacheon and vst DCa 
cheon for the I-cache and D-cache, respectively. 
0220. The result of parsing and timing information merg 
ing step 325 is an analyzed 'C' program file 327 that 
includes Static timing information and dynamic analysis 
hooks. The Static timing information incorporates pipeline 
effects in the case that the target processor includes a 
pipeline. 

0221) Referring now to FIG. 3B, the analyzed ‘C’ pro 
gram file 327 is compiled (step 331) on the host processor 
to run on the host processor. The output is host processor 
analyzed object code 333. Continuing on FIG. 3B, the 
analyzed host object code 333 is linked in host linking step 
337 with other analyzed host object code modules, one such 
other object code module shown as 335, to produce host 
executable code 339. In this implementation, a separate host 
link map 341 also is produced, and this link map is used to 
generate a host memory to target memory mapping 
described elsewhere herein (See FIG. 3B and description 
below). The executable code is run (step 343) by the 
designer on the host computer System to Simulate the 
execution of the user ‘C’ program on the target processor. 

0222 Note that in one embodiment, the simulation 
execution Step 343 is carried out not under debugger control, 
while in the preferred embodiment, the Simulation execution 
Step 343 is carried out under debugger control as explained 
elsewhere in the Specification. 

0223) In the preferred embodiment, line numbers are 
preserved during the analysis process, even though new 
code is inserted, by inserting the new code without inserting 
any new-line characters. Other mechanisms may be used to 
preserve line numbers, and alternatively, line re-mapping 
data may be kept for use during execution of the user 
program on the host processor under debugger control. 
0224 FIG. 3C describes the part of the analysis process 
that determines an address map for use in mapping between 
host addresses and target addresses. In Step 345, the original 
user program is croSS-compiled to produce target object 
code module 347. This alternatively may be produced from 
target assembly code 320 from cross-compilation step 319. 
The target object code module 347 is linked in target 
croSS-linking Step 349 with other target object code modules, 
one such other target object code module shown as 348, to 
produce target executable code (not shown) and a target link 
map 351. Note that one link map is generated for each 
processor Simulator. Thus, the Vpm.info file may define 
information for Several processors, for example, processor 1 
and processor 2 for the simulation system shown in FIG. 2. 
A link map is then generated to use in each processor 
Simulator that Simulates the individual processors. 
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0225. In the preferred embodiment, the default allocation 
is that all code and all constants are mapped into ROM, 
while all data areas as well as the heap and the Stack are 
mapped into RAM. Means are provided for other alterna 
tives. 

0226. This target link map 351 is combined with the host 
link map 341 produced by linking step 337 (see FIG. 3B) 
and target memory partition information 353 to generate an 
address map. The target memory partition information 353 
describes how the target System's memory Space is parti 
tioned into ROM and RAM. In our implementation, the 
memory partition information 353 is in the form of a text file 
that contains the name of processor model, the name of the 
file linked to produce the target executable, the Starting 
address (a target address) of the ROM, the end address 
(target) of the ROM, the starting address (target) of the 
RAM, and the end address (target) of the RAM. Note that in 
this implementation, a separate host link map 341 and a 
Separate target link map are produced. Alternative imple 
mentations of this part of the invention produce target 
executable code or host executable code, either or both of 
which that includes the link map in embedded form. 
0227. The host to target address map 357 in our imple 
mentation is a file that includes two tables. The first table is 
a table of function addresses. Each table entry includes the 
function name, the host address of the function, the target 
Starting address of the function, and the target ending 
address of the table. The second table is for data, and 
includes a Single line for each data entry. Each data entry 
includes the host starting address, the host ending address, 
the target Starting address, and the target ending address. 
0228. One such file is generated for each target processor 
being Simulated. The host-to-target address map is used by 
the memory mapper 125 that maps addresses between host 
and target address Space as required for example by the 
cache simulator 121 for Simulating the cache (data cache and 
instruction cache, or combined cache) and as described in 
more detail elsewhere herein. The memory mapper 125 may 
also be used for device address mapping and for Simulating 
the target memory. 

0229. Some of the preferred embodiment analysis steps 
of FIGS. 3A, 3B, and 3C will now be described in more 
detail. 

0230. The second user program parsing step 313 identi 
fies linear blocks in the 'C' language user program file and 
inserts labels. The preferred embodiment uses C-language 
aimed at the GCC compiler from Free Software Foundation, 
Boston, Mass., also available on the World Wide Web at 
http:H/www.gmu.org (“GCC” for “GNU C Compiler”, 
“GNU” for “Gnu's Not Unix”). GCC includes extensions of 
C. Labels are inserted using one Such extension, the asm 
("<string>') construct, where <string> is an alphanumeric 
label, to inset the labels. This way, the labels will be 
identified as labels in any assembly code resulting from 
compilation. The parser defines and maintains a block 
counter. This counter commences at 0 at the beginning of the 
file when the first block beginning is identified, and incre 
ments when certain linear block boundaries are encountered. 
The number of block boundaries depends on the particular 
language construct. This is described in detail in above 
mentioned incorporated by reference U.S. patent application 
Ser. No. 09/430,855, and Summarized herein. 
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0231 Briefly, the second user program parser 313 inserts 
three different types of labels (each including its block 
number) for each construct. These labels use the letters b, p 
and e to respectively indicate “begin”, “part” and “end”. The 
first user program parser 305 inserts a b (i.e., “begin”) label 
for the assembler language before the C language State 
ment that identifies the construct, an e (i.e., “end”) label after 
the 'C' statement that identifies the end of the construct 
(usually “” indicates the end of the construct), and one or 
more p (i.e., "part') labels. 
0232 The parser 313 also identifies the type of block 
construct, and what number of block this is. For example, 
the parser 313 identifies a while construct block with the 
letter w for while. In addition, “X” is inserted at the 
beginning of each inserted label to enable the System to 
distinguish labels it inserts from other labels. Therefore, 
prior to a while Statement, the labelx wbn 1 (using the asm 
(“x wbn 1”) statement) is inserted, where n1 is the current 
value of the block counter. After the end (usually the final 
“” of the while loop, the labelx wen 2 is inserted, where 
in 2 is the now current value of the block counter. n 2 will 
be equal to n 1+1 if there are no block constructs in the body 
of the while loop. In addition, after the beginning “K” of the 
block of statements executed in the body of the while loop, 
a X wpX 1 label is inserted, where n1 is now the same 
block count number as in the X wbn 1 label that indicates 
the beginning of the loop. 
0233. The parser 313 identifies and inserts labels in 'C' 
constructs that indicate different types of linear blocks, 
including while loops, do-while loops, for loops, if and 
if-else Statements, and Switch-case Statements. Plain blocks, 
identified by “{* and “”, that are not associated with any 
loop also are identified. Thus, a user can force the parser to 
recognize block boundaries by manually inserting a “” and 
“”. This adds an important advantage to the System—a 
linear block can be as Short as a single instruction, and the 
user has the option of So analyzing the code to get instruc 
tion-by-instruction timing. 

0234. The parser 313 also forces a boundary whenever it 
encounterS Statements that require Software/hardware inter 
action and Synchronization between input and output, Such 
as I/O reads, and functions inserted by the user to implement 
Virtual ports, described elsewhere herein, and other func 
tions recognized as dealing with the interface mechanism, 
for example to pass control messages between the processor 
Simulator and the hardware simulator. These functions are 
called “Synchronized interface mechanism functions' herein 
and include many of the interface functions described herein 
above. The parser forces accurate timing to be made avail 
able whenever a Synchronized interface mechanism function 
is encountered. In one embodiment, the Synchronized inter 
face mechanism function is surrounded by “{* and “” 
characters. In the preferred embodiment, each Synchronized 
interface mechanism function is recognized by its name. 
When encountered, the function is treated as a block. 

0235. The parser also keeps a count of the total number 
of blocks and the total number of functions in the 'C' 
language file. The number of blocks is the final value of the 
incremented block counter. 

0236. The output of block boundary 'C' language parsing 
step is a temporary 'C' language file 315 which is the 
modified user program with the block information inserted. 
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0237) The assembly parsing and timing analysis step 321 
includes an assembly parsing process part shown in more 
detail in FIG. 4, FIG. 5 and FIG. 6 and explained in detail 
in above-mentioned incorporated by reference U.S. patent 
application Ser. No. 09/430,855. Referring first to FIG. 4, 
assembly parser 400 in step 403 reads each of the lines of the 
cross-compiled assembly code file 320, then parses, in line 
parsing step 405, the instruction of the assembly code line to 
determine the timing delay (if any) and the size of the 
instruction (in bytes). The timing delay is the delay, in clock 
cycles, that it takes for the target processor to execute the 
line of assembly code. 

0238. As shown in FIG. 6, the parsing and timing analy 
sis step 321 also includes running timing analysis code (the 
“timing analyzer'603) which is described in more detail 
below. In the particular embodiment, parsing process 400 is 
Started by the analyzer, and then the analyzer commences the 
timing analysis proceSS 603 which communicates with 
assembly parser 400 through a pipe 605, and any alternate 
means of communication may be used in alternate imple 
mentations. Every time an assembly line parser 405 of 
assembly parser 400 completes parsing a line, it sends back 
information related to the line to timing analyzer 603 in step 
409. The line information includes the time delay and any 
other timing information for the line and the Size of the line, 
if an instruction, or, if a label, the name of the label. A token 
is used to identify the type of information as described in 
more detail below. The type of token also tells the timing 
analyzer what information to expect in the pipe for the line. 

0239). In the preferred embodiment, the assembly line 
parser 405 and the data it used are part of the Virtual 
Processor Model (VPM). The assembly line parser some 
times is called the technology parser. This part is not 
common to all processors, but is Specific to the target 
processor, and thus forms part of the target processor Spe 
cific information of the virtual processor model. In the 
preferred embodiment, a configuration file naming an 
executable parser is used when Specifying the virtual pro 
ceSSor model in a design to be simulated. 
0240 The assembly parser uses target processor timing 
information 407, i.e., information about the target processor 
that includes the time in clock cycles for each instruction and 
for the different addressing modes. In general, the timing for 
any instruction is determined by the opcode of the instruc 
tion, the operands the instruction is using, the type of 
addressing, and other Such information. In the preferred 
embodiment, the designer of the Virtual processor model 
manually extracts timing information from available data on 
the particular target processor. Such data includes the manu 
facturer's data book and may also include manufacturer's or 
other's models and other timing and functional information. 
The timing information is Stored in a timing information 
data Structure. A tabular structure is preferably used as the 
data Structure, with each row Structure representing an 
instruction, and each column Structure representing different 
addressing modes or other variants of the instructions. In our 
embodiment, the individual instruction timing in the timing 
information table assumes a full pipeline and no pipeline 
hazards. 

0241 The timing information also forms part of the 
processor Specific information in the virtual processor 
model. 
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0242. The details of assembly line parsing step 405 are 
shown in FIG. 5. In step 503, the assembly line parser 405 
first extracts the opcode of any assembly language instruc 
tion in the line and uses the opcode in step 507 to address the 
line of the table. AS the parsing of the line progresses in Step 
503, more information on the operands is extracted from the 
assembly language line, and this is used to determine the 
column in step 507. The row and column provide the timing 
information for the assembly code line from the timing 
information table structure 407. 

0243 Timing information data structure 407 (i.e., the 
table structure) is preferably compressed as described in 
above-mentioned incorporated by reference U.S. patent 
application Ser. No. 09/430,855. Once the timing informa 
tion is obtained in step 507 by a table lookup on the 
compressed table 407, the line parser 405 calls an adjust 
ment proceSS 509, which in the particular computer program 
implementing this Step in the preferred embodiment, is a 
function called “lookup”. The function lookup returns any 
timing delay adjustment (in cycles) necessary for the spe 
cific instruction to the timing obtained via the table lookup. 
0244 Another aspect of the adjustment process 509 is 
adjusting the timing to account for pipeline effects as 
described in more detail hereinunder. 

0245 Steps 403, 405 and 409 are carried out for each 
line. FIG. 4 shows step 411 checking if there are more lines 
to process. If not, the assembly code parsing proceSS 400 
terminates, otherwise, steps 403, 405 and 409 are repeated 
until there are no more lines in target assembly code file 320. 
0246. An aspect of the invention described in detail in 
above-mentioned incorporated by reference U.S. patent 
application Ser. No. 09/430,855 is accounting for pipeline 
effects Such as pipeline hazards. In addition to the assembly 
parser 400 obtaining timing information by referencing the 
timing information table 407, the assembly line parser 405 
determines any timing adjustments that need to be made and 
which instruction's timing needs to be adjusted because of 
pipeline effects. This determination is made as part of 
adjustment step 509. As shown in FIG. 6, the assembly 
parser 400 includes a pipeline simulator 611 that preferably 
comprises a pipeline simulation buffer 609 with the same 
number of entries as there are stages in the pipeline of the 
target processor. Every time the assembly line parser 405 
encounters an opcode or operand, it stores the opcode or 
operand in the pipeline Simulator buffer. This is shown as 
step 505 in FIG. 5. 
0247. When the lookup routine called lookup (step 509) 
is invoked for making adjustments to the timing, it adjusts 
the timing obtained from the timing information table 
according to the particular instruction and addressing mode 
and operand, and also checks the contents of the pipeline 
buffer 609 for possible pipeline hazard conditions. The 
lookup function identifies the potential for pipeline Stalls and 
actual Stall conditions, and calculates the delay penalty for 
Such a Stall, and which instruction would incur Such delay 
penalty, and returns the adjustment (called the “amend 
ment”) required for the timing and also information to 
indicate which instruction to apply the amendment to. The 
instruction information is Supplied as an offset: a digit 
indicating how many instructions back to apply the amend 
ment to. For example, the previous instruction is indicated 
by a 1, two back by a 2, and so forth. 
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0248 Thus, in the preferred embodiment, the lookup 
function including the pipeline Specification also forms part 
of the processor Specific information in the Virtual processor 
model. 

0249 Analyzing the pipeline simulation buffer for haz 
ards and determining penalties, if any, is different for each 
type of processor. The target processor manufacturer pub 
lishes details on the pipeline processing, builds models 
having the pipeline characteristics, and Such information is 
used to design the pipeline analysis part of function lookup. 
How to So design the pipeline analysis part of timing 
adjustment step 509 using manufacturer's (or other) data and 
models would be clear to those in the art from the examples 
and discussion herein. 

0250 Referring again to FIG. 6, the assembly parser 400 
passes tokens and data to the timing analyzer 603 via a pipe 
605. Clearly any other communication channel may be used. 
Different types of tokens are used to indicate different types 
of information, and the type of token identifies to timing 
analyzer 605 the type and amount of information that 
follows. 

0251 Timing analyzer 603 generates timing and size 
information 323 for each block for inserting C-code into 
the modified user ‘C’ program 311 at each block to indicate 
how much delay occurs in Such a block. To do this, timing 
analyzer 603 allocates an array of a size at least equal to the 
known number of blocks (the largest increment of the block 
counter). Each array location is used to Store the delay for 
that block. Those in the art will appreciate that other 
Structures may be used to Store the timing results for each 
block. 

0252 Timing analyzer 603 examines all the tokens arriv 
ing from the assembly parser 400. Each time the timing 
analyzer gets a token, it knows from the type of token how 
many numbers or strings to obtain from pipe 605 for that 
token. AS timing analyzer 603 encounters tokens with delay, 
it adds up the delays on the fly for each block until the end 
of the block. Timing analyzer 603 also maintains a block 
number counter that indexes the array location. 
0253) Whenever an amend token is encountered for a 
block, timing analyzer 603 adjusts the accumulated delay 
accordingly. Thus, when the assembly parser first Sets up the 
pipeline simulation buffer 609, it sends a set buffer token to 
the timing analyzer, and the timing analyzer then Sets up an 
analyzer buffer of at least the same size for determining how 
to make timing amendments. If the amend token refers to an 
instruction which is in a previous block, the analyzer goes 
back to the previous block (array element) and changes the 
number (i.e., the accumulated delay) in the previous block 
location of the delay array element. 
0254 Block boundaries are obtained from the labels. 
There are two types of labels in the assembly code, the ones 
the first parser 313 inserted as block information, and labels 
that the assembler has put in. The timing analyzer ignores 
assembler labels. Those that we put in include an identifier, 
in this case the “x that the labels commence with. Such 
labels enable the timing analyzer to know where in the user 
program any assembly code is. 
0255 Adjustments to time delays are made depending on 
the type of block encountered because different parts in a 
linear block may execute a different number of times. 
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0256 The preferred embodiment includes a provision for 
optimization. Typically, running the cross-compiler with the 
optimizer invoked may move Some of the labels, may cause 
Some other code to be shared, and may cause linear code 
Segments to execute a different number of times in Some 
loops. Thus, when the optimization flag is invoked by 
running the VPMA process with an optimization flag 
invoked, the interpretation of the tokens takes into account 
knowledge of how the compiler optimization may shift Some 
of the labels and/or code in Some of the blocks, and also, 
how the blocks within language Structures are to be inter 
preted. 
0257). Note that the preferred embodiment timing ana 
lyzer 603 also stores the size in bytes of each linear code 
element. The Size too is Stored in an array. 
0258. The result of the timing analysis is timing and size 
information 323 in the form of two arrays, one with the delay 
time for each block and the other with the size of each block. 

0259 Exception handling 
0260 One aspect of the analysis is determining the 
possibility of exceptions that occur during execution of the 
user program. Certain combinations of instructions are 
known to be able to produce exceptions (arithmetic over 
flows, divide by Zero, etc.) during execution. When Such an 
exception occurs during execution, the pipeline typically 
needs to be flushed, So a time penalty is introduced. In the 
preferred embodiment, during analysis, at user option, the 
analyzer examines instruction combinations for the possi 
bility of exception. When such a combination is identified, 
the analyzer in the merge Step inserts code at the identified 
locations that, when executed, evaluates exceptions, and 
when Such exceptions occur, trap the processor Simulator 
into an exception handling function that determines the 
timing penalty for the exception. 
0261 Sample Merged Code 
0262 FIG. 12 shows a simple user program to demon 
Strate by way of example how code is inserted by the 
analyzer to form the analyzed process. FIGS. 13A through 
13 show excerpts from the actual C code of the analyzed 
version of the user program shown in FIG. 12 in order to 
demonstrate by way of example, Some of the code that is 
inserted. Comments have been added in FIGS. 13 A-13I to 
describe Some of the added code and the operation thereof. 
FIG. 14 shows a file, called Vpm.info that contains the name 
of the processor model (a MIPS R4000 processor, in this 
case) and the memory partitioning that is used to generate a 
map between host and target memory, and other information 
used to map target addresses from host addresses (and 
vice-versa). The file vpm. info contains the name of file liked 
to produce the target image, the starting address (target) of 
the ROM, the end address (target) of the ROM, the starting 
address (target) of the RAM, and the end address (target) of 
the RAM. Optional parameters include: the target heap start 
address, the target heap end address, the target Stack Start 
address, and the target Stack end Start address. The file 
Vpm.info also contains any device names and target address 
information. 

0263 Thus, in accordance with the preferred embodi 
ment, the analysis process produces an analyzed version of 
the user program that includes instructions for accumulating 
the calculated linear block time. While the preferred 
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embodiment analysis proceSS inserts labels as a mechanism 
to identify block boundaries, other identifying mechanisms 
may be used. Also, while the preferred embodiment ana 
lyzed user program includes inserted instructions that 
include inserted labels to identify block boundaries, and 
timing information in the form of data structures indicating 
the amount of delay per block, other implementations are 
possible, and Such other implementations are included in the 
Scope of the invention. 
0264. In accordance with one alternate implementation, 
the analyzed version of the user program again includes 
instructions for accumulating the calculated linear block 
time, however, in this alternate, function calls are inserted at 
block boundaries rather than labels. The functions are 
executed at run time. The analysis proceSS inserts code in 
these functions to accumulate the delay during execution. 
The functions for each block may include a start-up function 
that determined any startup penalty due to need to re-fill the 
pipeline, for example in Some cases where the block had 
Started from a branch. 

0265. In accordance with another alternate implementa 
tion, the analysis process produces a parallel Structure that 
keeps track of the different programming Structures within 
the user program and the block boundaries. Thus, the 
analyzed version of the user program includes the user 
program and the parallel structure that mimics the user 
program Structure. 

0266 Other alternatives would be apparent to those of 
ordinary skill in the art from the details provided herein. 

Operation of the Cache Simulator 

0267 As described above in more detail, the dynamic 
analysis part of analyzer 112 inserts instrumentation code 
(i.e., hooks) into the user program 109 whenever there is a 
reference (e.g., a memory reference) and also at the start of 
each function and at the end of each linear block. At the Start 
of each function, code to call the cache Simulator for the 
instruction cache is inserted when there is an instruction 
cache. A combined cache is handled Similarly. At the end of 
each linear block, code is inserted to call the cache Simulator 
for all memory references in the just ended linear block. 
When the analyzed program 111 is executed on the host 
computer System, executing the inserted code for the 
instruction or combined cache causes a cache lookup to be 
performed using the cache Simulator 121. 
0268 Executing the I-Cache 
0269 Executing the inserted code for the I cache (the 
vst ICache calls) is now described in more detail. The 
analysis process described above produces address informa 
tion of all user defined, as well as library functions for the 
target machine where the program is Supposed to run. This 
is shown as address map 357 in FIG. 3C, and is included in 
memory map info 108 in FIG. 1. Analysis process also 
calculates the offset size of each linear block from the 
beginning of the function enclosing it, and the size of each 
linear block in the user program. When executing a VSt I 
Cache call, the cache Simulator 121 uses the memory 
mapper 125 which in turn uses these pieces of target 
information to generate the Starting target address and the 
Size of the linear block being executed. The cache Simulator 
121 then immediately processes this instruction reference by 

20 
Feb. 14, 2002 

“looking up' the addresses in the Simulated cache, that is, 
the cache Simulator compares the tags and uses the remain 
ing address bits to find the desired cache block to load the 
data. Note that the cache model does not Store any real data, 
only target addresses. The cache Simulator then causes the 
System to accumulate the delay caused by the cache lookup. 
When there is a cache hit, the cache Simulator returns a value 
of Zero for function VSt ICache (). Cache misses are handled 
differently depending on the level of detail desired by the 
user. One level of detail is to return a delay calculated on an 
assumed time required to access memory (the memory read 
cycle time), the Sub-block and word sizes, and the refilling 
policy for the cache. In accordance with another aspect of 
the invention, a higher level of detail may be invoked that 
causes a bus model in the hardware simulator to Simulate the 
reading of memory into the cache Via the bus. That is, a 
cache miss results in the cache Simulator 121 of the proces 
sor simulator 107 using the communications mechanism 141 
to send event information to the hardware simulator 103, the 
event being to execute a required number of bus cycles on 
the bus model part of the target digital circuitry. The required 
number of bus cycles is determined using the Sub-block and 
word sizes, and the refilling policy for the cache. This causes 
the suspend mechanism 149 (FIG. 1) to suspend operation 
of the processor simulator 107. The hardware simulator 103 
now processes the associated event information by execut 
ing the required number of bus cycles and returns to the 
processor simulator 107 when it has completed the opera 
tion. The resume mechanism 151 (FIG. 1) now resumes 
operation of the processor Simulator 107. In Such a case, the 
cache Simulator returns a value of Zero for function VSt I 
Cache (). 
0270 Executing Data References 
0271 Executing the data reference hooks (the vpm dc 
calls) is now described in more detail. Like the instruction 
cache references, the data reference generation method 
gathers the target address information at a very high level 
(e.g. C-Source level), using the instrumentation code state 
ments (i.e., hooks) that were inserted during the analysis 
Step, in particular, the Vpm dc calls. During execution of the 
analyzed program 111 on the host computer System, the 
inserted codes generate reference target addresses and sizes. 
Since the analyzed program runs on the host computer 
System in the host address Space, addresses are provided in 
host memory space. FIG. 7A shows how memory references 
are processed in run time by the Vpm dc calls. The host 
address (and size) is shown as 703 in FIG. 7A. In step 705 
it is determined if the address is device address. See below 
under “Reading and Writing to Devices” for a description of 
how reads and writes to devices are processed. If the 
reference is not for a device, the host address is converted in 
Step 721 to a target memory address by memory mapper 125. 
Step 721 of determining the target address from the host 
address uses memory map information 108 generated during 
the analysis which describes how host memory and target 
memory locations relate to one another. Memory map infor 
mation 108 preferably is in the form of file 357 generated in 
the flow chart of FIG. 3C. Step 721 is described in more 
detail below. The target memory reference is queued (added 
to a list) in step 721 for later processing at the end of the 
linear block. The list preferably is in the form of a table of 
memory references. The data cache lookups using the cache 
Simulator are then executed at the end of the linear block in 
order of appearance in the linear block by executing the code 
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inserted at the end of the linear block that calls the cache 
simulator 121. Note that in an alternate embodiment, the 
cache Simulator lookups are executed as they occur rather 
than at the end of the linear block. The cache simulator 121 
executes the cache model by processing each entry in the 
memory reference table and Simulating the actions of a real 
cache. 

0272 FIG. 7B shows a flow chart for step 721 of 
determining the target address of a data memory reference 
from the host address. Step 721 is carried out by memory 
mapper 125. There are basically four types of data: Stack, 
heap, constants (and Strings), and global and Static variables. 
Where each type of data is Stored may be changed at user 
option. The location is known to the cache Simulator. For 
example, when code is Stored in ROM, the constants also 
may be stored in the ROM. The other data is then stored in 
RAM. The stack typically is kept at the top of RAM. global 
and Static variables are typically Stored at the bottom of 
RAM. The heap starts on top of the area for global and static 
variables. The analysis program generates a map that 
enables identifying the areas and mapping their host com 
puter System addresses to target addresses. Determining 
which area a (host) address lies in and mapping to a target 
address are done on-the-fly, as the host data address is being 
generated during execution of the analyzed user program. 

0273 For the stack and heap regions, the analysis pro 
gram inserts data Structures and code to manage a model 729 
of the target stack and a model 719 of the target heap. As 
described in more detail below for the case of the heap (see 
under “Dynamic Memory Allocation”), every allocation 
(e.g., a malloc call) and de-allocation (e.g., a free call) of the 
host Stack and the host heap are emulated by functions 
inserted in the user code to replace the original allocation 
and de-allocations. During execution, allocations and de 
allocations are carried out on the host memory, and the 
allocations that would occur in the target processor System 
are emulated using the target heap model 719 and target 
stack model 729. Similar to the cache model's not keeping 
actual memory content, the Stack and heap models only keep 
track of addresses and sizes, not contents of the data. 
Contents of data are kept in the memory of the host 
computer System. 

0274 Constants are typically stored in the code area, for 
example at the beginning of the function defining them. 
Thus, referring to FIG. 7B, if it is determined in step 706 
that the reference is to a constant, the calculation of the 
target address is carried Similar to that of the instruction 
address earlier. The process calculates the offset size of the 
constant from the beginning of the function. This is simply 
the difference between the host address of the constant and 
the starting host address of the function. Step 708 then adds 
this offset to the corresponding target address of the function 
to obtain the target address of the constant. 

0275 Steps 715 and 725 determine, respectively, if the 
reference is in the heap Space and in the Stack Space. If 
neither, then the memory reference is for global/static data. 
The host and target address information is kept in the host 
to target address map 357 generated in the analysis proceSS 
as described above. Thus, the target address of any global/ 
static data is determined from the host address in step 731 by 
looking up the table in file 357. 
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Memory Modeling 

0276 Operation of the memory model 122 of the descrip 
tion 105 of the target circuitry is now described. The 
memory model, for example, is coupled to the bus model 
124 and responds to bus cycles by returning onto the 
relevant hardware data Signal lines contents of the target 
memory Specified by the hardware address on the relevant 
lines of the bus. During execution, Such contents of target 
memory are Stored in the memory of the host computer 
System. 

0277. In our Verilog embodiment, the memory model 122 
includes a behavioral model of memory implemented as a 
PLI. We provide a function for use in the memory PLI that 
refers to the hardware model that calls the processor Simu 
lator PLI, and then in run-time returns the task ID of the 
processor simulator PLI. That enables the behavioral 
memory model in memory model 122 to access the host 
memory within that task (i.e., of that processor simulator). 
We also provide a function that calls the memory mapper 
125 of that processor Simulator to translate a target address 
to the host address for that processor simulator. The behav 
ioral model of memory for memory model 122 now carries 
out the read or write within the memory of the host computer 
System. 

0278 In this way, memory model 122 models the 
memory of the target processor System in hardware includ 
ing Storing the memory data in the memory of the host 
computer System. 

Dynamic Memory Allocation 

0279 Memory allocation and de-allocations are dynami 
cally simulated on the host computer System using a 
memory allocation simulator 123. The memory allocation 
Simulator 123 maintains a model of the target heap on the 
host, and allocates memory on the host heap during execu 
tion of the analyzed user program. The particular model of 
the target heap used in the preferred embodiment is a doubly 
linked list inside a (top level) doubly linked list. An element 
in the top level doubly linked list has a link (in host address 
Space) to the previous top level element and a link (in host 
address space) to the next element. The contents include an 
element of the inner level doubly linked list. The inner level 
element includes a first link (in target address space) to the 
previous Segment of memory in target heap space, and a 
Second link (in target address space) to the next segment of 
memory in target heap Space. The inner level element also 
includes the host memory for the Segment of heap memory. 
An “inuse' flag is included to indicate if the Segment is 
allocated or free, and an entry is included to indicate the size 
of the Segment (in bytes). 
0280. In this way, the host maintains the contents of the 
target heap, and a simulation of the behavior of the target 
heap as memory is dynamically allocated, de-allocated, and 
re-allocated using, for example, Such 'C' language functions 
as malloc (), free(), realloc (), and calloc (). 
0281 AS would be clear to one of ordinary skill in the art, 
any other model of the target heap may be used to implement 
memory allocation simulator 123, Such that the host main 
tains the contents of the target heap, and a simulation of the 
behavior of the target heap as memory is dynamically 
allocated. 
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0282. The analysis process replaces each memory allo 
cation construct in the user program with a call to the 
memory allocation Simulator to perform the same function. 
Thus, for example, the instruction malloc (1000) would be 
replaced with a corresponding function call, VSt malloc 
(1000), which would create a new top level element in the 
heap doubly linked list which includes host memory allo 
cation of 1000 bytes for storage of user data, and which has 
as the inner level doubly-linked list a simulation of where 
this memory would be allocated on the target computer 
System. For example, if a “free” target heap Segment of 
length 1000 bytes was available, this segment might be 
Selected for the target heap allocation, and then the inner 
pointers would be set to provide for a target allocation of 
1000 bytes. As a result of this operation, the top-level list is 
also modified to reflect the allocation of 1000 bytes in the 
host heap Space. The “inuse' flag would be set to indicate 
that the segment was in use (allocated). AS another example, 
if a “free” target heap segment of 10,000 bytes was avail 
able, this would be split into two target Segments, one of 
1,000 bytes for the allocation, and the other segment of 
9,000 bytes free to be allocated later. 
0283) The instruction free (ptr) would likewise be 
replaced with corresponding function call, vst free (ptr), 
which would on execution both de-allocate the area in host 
heap corresponding to the area pointed to by pointerptr, and 
Simulate the de-allocating of the malloced area in the target 
computer System associated with the pointerptr. If possible, 
the de-allocated Segment would be joined with the previous 
and with the following Segment in the Simulation of the 
de-allocation of the target memory on the target computer 
System. 
0284 Thus, referring again to FIG. 7B, when there is a 
memory reference (a host address), steps 705, 715 and 725 
determine what area of host memory the memory reference 
is in. If this is the heap area (step 715), then in step 717, the 
process determines what host heap segment (in the top level 
Structure) this address is in, and from this, determines where 
in the target heap this address is associated with. By calcu 
lating the offset value of the host address from the Starting 
host Segment address and adding this offset value to the 
Starting target Segment address, the target address is then 
determined, completing step 717. 
0285) Note that if there is a need to translate target heap 
address back to host heap address, a similar but reverse 
address translation mechanism can be used. This can be 
done by determining where in the target heap Segment the 
target address is located in (through the low-level structure), 
to find out the host heap Segment the corresponding host 
address should be located in. By calculating the offset value 
of the target address from the Starting target Segment address 
and adding this offset value to the corresponding Starting 
host Segment address, the host address is then determined. 
0286 Reading and Writing to Devices 
0287. The target processor information may include a list 
of devices, and the target addresses in the address Space of 
the target processor for each device. The device information, 
when included, is included in the Vpm.info information file, 
which then includes for each device the name of the device, 
the target address of the device, and the memory window for 
the device in bytes Since each device will typically have a Set 
of addresses. Note that the particular vpm.info information 
file shown in FIG. 14 for the illustrative example does not 
include any devices. 
0288 As part of the analysis process, code also is inserted 
in the user program that during execution defines host 
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variables (e.g., a set of #DEFINE statements using the 
names in the vpm.info file) for each of the devices that have 
target addresses, and performs a memory allocation (a 
malloc) within the host computer System address space for 
these variables. 

0289. These device variables and the corresponding host 
memory locations are thus mapped to the target addresses 
corresponding to the devices. The device address informa 
tion forms part of memory mapper 125. 
0290 Referring again to FIG. 7A, whenever a memory 
reference is made, the Vpm dc hook inserted for the data 
reference determines if the address is a device address (Step 
705 in FIG. 7A). If yes, the process obtains the target 
address of the device (step 707) then determines in step 709 
whether the reference is a read or write. If a read, then in Step 
711, the read from the device is executed and vpm dc 
returns. If the reference is a write to a device, the memory 
reference is queued (step 713) and Vpm dc returns. The 
analyzed user program performs the instruction that includes 
the data reference. Note that prior to executing the instruc 
tion, more read or writes may be encountered, and any other 
writes are queued in order. Once the instruction is executed, 
the queued device writes are carried out using the inserted 
Vmp flushwrite () call. 
0291 Executing a read from a device causes the proces 
sor simulator 107 using the communications mechanism 141 
to send event information to the hardware simulator 103, the 
event being instructions to read from the device in the target 
digital circuitry, for example via the bus on a bus model part 
of the target digital circuitry. This causes the Suspend 
mechanism 149 (FIG. 1) to suspend operation of the pro 
cessor simulator 107. The hardware simulator 103 now 
processes the associated event information by reading from 
the device in the target digital circuitry via the bus on the bus 
model part of the target digital circuitry, and returns to the 
processor simulator 107 when it has completed the opera 
tion. The resume mechanism 151 (FIG. 1) now resumes 
operation of the processor simulator 107. The data read is 
now available and is Stored in the host memory in the 
appropriate location. 
0292 Similarly, executing a write to a device reads the 
data from host memory, then causes the processor Simulator 
107 using the communications mechanism 141 to send event 
information to the hardware simulator 103, the event being 
the data and instructions to write the data to the device in the 
target digital circuitry, for example via the bus on a bus 
model part of the target digital circuitry. This causes the 
suspend mechanism 149 (FIG. 1) to suspend operation of 
the processor simulator 107. The hardware simulator 103 
now processes the associated event information by writing 
the data to the device in the target digital circuitry via the bus 
on the bus model part of the target digital circuitry, and 
returns to the processor simulator 107 when it has completed 
the operation. The resume mechanism 151 (FIG. 1) now 
resumes operation of the processor simulator 107. 
0293 Cache Processing 

0294 The vst Dcache function inserted at the end of 
each block processes the accumulated data references. For 
this, the cache Simulator 121 looks up each memory refer 
ence in the cache model in order. The VSt Icache function 
Similarly processes the I-cache. In either case, a cache 
look-up is simulated during execution of the analyzed user 
program by extracting the tag bits from a target address, 
comparing the tag with all the tags of a Set provided by the 
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block number part of the address. If one of the tags produces 
a hit, the look-up completes and returns Zero time penalty. If 
it is a miss, the cache Simulator identifies the causes of the 
miss, Such as first time accessing the data, a conflict at the 
Same cache block, or every cache block containing a valid 
entry (i.e., no more room for the new data). It then updates 
the cache according to the policies Set out in the cache 
configuration file. The actual time penalty incurred by the 
cache miss can be calculated in two ways, either by esti 
mating the number of cache entries that need to be loaded 
from memory then multiplying it with a constant read or 
write cycle time, or by invoking a user-written miss handler 
which can perform a real bus transaction under a hardware 
Simulation environment to obtain a more accurate timing. 

Selecting the Level of Detail 

0295 One additional aspect of the invention is providing 
for Simulating a processor at a user Selected level of detail. 
Thus where greater timing accuracy is required or desired 
than provided by running the user program completely on 
the host computer System, those aspects of the target pro 
ceSSor's execution where greater accuracy is required may 
be modeled in hardware. Such hardware is then included in 
the digital circuitry simulated by the hardware simulator. For 
example, the processor bus, or the processor bus and the 
processor memory may be modeled as hardware in the 
language of the hardware Simulator to model bus accesses or 
buS/memory accesses. 

0296. When faster execution time is desired, the user may 
Select Simulating a processor operation without taking into 
account pipeline effects Such as pipeline hazards. Further 
more, when a user desires faster execution time, the user 
may select to estimate the delay caused by a cache miss 
totally in the processor Simulator by using an assumed read 
or write memory cycle time, while when the user wishes 
more timing accuracy, the user may Select to model cache 
misses in the hardware simulator by running a hardware 
model of the bus executing the required number of bus 
cycles. 

0297 Thus a user can start out with a simple processor 
model to start off the design process. At Some Stage of the 
design process, the user may need to go to more detail in one 
or another aspects of the design, and the user Selected level 
of detail feature of the invention provides for that. Thus, the 
processor model can operate at a Selected level of detail. 
Selected parts of the model can be modeled as hardware. 

0298 One example of modifying the level of detail in 
order to Speed up execution of the analyzed user program is 
not invoking the cache Simulator for all references that 
might require a cache lookup. The timing accuracy of Such 
an approach would typically be less than for a fully dynamic 
System, and may be improved by using a cache performance 
prediction method for those references that do not cause the 
cache Simulator to be invoked at run time. 

0299. Note that the code inserted during analysis for 
modeling in more detail can call Software modules of the 
processor model that include the appropriate interface func 
tions (getvarS, putvarS, etc.) to access the hardware modules 
of the processor model. Calls to these Software modules are 
thus inserted during analysis. Thus, a bus model for inclu 
Sion may include a Software component and a hardware 
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model of the bus, with the Software component including the 
necessary code to access the hardware during execution. 

The Virtual Processor Model 

0300 We call the model of the target processor that runs 
on the co-simulation design System a virtual processor 
model. One aspect of the invention is a method for creating 
Such a virtual processor model, the method comprising 
creating a processor model shell for operation on the hard 
ware simulator of the design System to Simulating activity of 
one or more Signals of the target processor accessible to 
digital circuitry external to the target processor, creating a 
Software shell to provide the user program access to the 
processor Signals coupled to the digital circuitry in the 
electronic System, and creating target processor Specific 
information for use in analyzing a user program to determine 
user program timing information Such that when the user 
program is run on a processor Simulator operating on the 
host computer System, the processor Simulator accurately 
Simulates execution, including providing timing, as if the 
user program was executing on the target processor, with the 
timing taking into account instruction timing. 
0301 Analyzing the user program is described in detail 
above and includes parsing the user program, inserting 
dynamic hooks to invoke the cache Simulator, decomposing 
the user program into linear blocks, and determining linear 
block timing information. 
0302) The processor model shell provides the hardware 
Simulator the ability to acceSS in hardware entities that affect 
variables defined in the user program. For example, the PLI 
call back mechanism from the hardware simulator that Starts 
a processor Simulator or that sends a message to the user 
program is included in the processor Shell. Thus the proces 
Sor shell includes a mapper from the data format of the 
hardware simulator to the data format of the processor 
simulator. When the hardware simulator simulates hardware 
described in a hardware description language, the processor 
model Shell includes access to code in the hardware descrip 
tion language. For example, the mechanism that relates the 
hardware variable asynevent to causing the processor Simu 
lator to run an asynchronous event handler is part of the 
processor Software shell. 
0303. The software shell comprises functions accessible 
to a higher-level language code when the user program 
includes instructions in Such a language. The Software shell 
thus includes the translator of event information from the 
data format of the processor Simulator to the data format of 
the hardware simulator. In the particular embodiment, the 
Software shell includes the interface functions described 
herein above that provide the user program access to the 
hardware simulator. 

0304) Note that in some embodiments, the hardware 
Simulator Simulates hardware using a higher-level language, 
and in Such a case, the processor model Shell provides access 
to instructions in the higher-level language. 
0305 When the target processor includes a cache, the 
target processor Specific information includes cache infor 
mation including cache Structure information and one or 
more cache operational policies. 
0306 When the target processor includes different types 
of memory, the target processor Specific information may 
include memory partition information. 
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0307 When analysis of user code includes cross-compil 
ing the user code, the target processor Specific information 
includes information on how to parse cross-compiled target 
code to determine the time delay for each line in each Section 
of the target code corresponding to each linear block in the 
user program. The target processor Specific information thus 
including the instruction timing information and, when a 
pipeline is included, the pipeline characteristics of the target 
processor. 

0308 The level of detail of any processor model is user 
Selectable. Thus, different features of the target processor 
may be Selected for modeling in hardware on the hardware 
Simulator as a processor model or as a combination of 
hardware on the hardware Simulator and Software on the 
processor Simulator, that is, as a processor hardware model 
and a processor Software model. Analysis of the user code 
then includes inserting dynamic hooks into the user program 
to acceSS Such hardware modeled features or combines 
Software/hardware modeled features. During execution, 
these hardware features are modeled on the hardware simu 
lator. For example, the processor bus may be modeled in 
hardware as bus model 124. In Such a case the bus model 
124 is included in the description of the target digital 
circuitry Simulated by the hardware simulator. 

0309 The level of detail in a processor model can be 
modified from Simulation run to Simulation run depending 
on the needs. 

0310 FIG. 11 shows part 1100 of a virtual processor 
model in one embodiment in which the hardware simulator 
Simulates digital circuitry Specified in an HDL, while the 
processor Simulator Simulates execution of a user program 
written in C. The system interface layer 1105 of the 
processor model includes the processor model shell 153 and 
the Software model shell 1107. The latter includes both 
input/output interface functions and other interface func 
tions, for example, interface functions that acceSS hardware 
simulation time. Processor model part 1100 includes one or 
more processor hardware models 1103, and one or more 
processor Software models 1109. The reader will appreciate 
that a typical processor hardware model may operate in 
conjunction with a processor Software model component. 
For example, model 1100 may include a hardware bus model 
124 (FIG. 1) to model the target processor bus. Model 124 
may then be coupled to a memory model 122 (FIG. 1) that 
uses the memory of the host computer System, in particular, 
the memory in the processor Simulator for the contents of 
memory. Thus, to Simulate a bus/memory access, the hard 
ware bus model in model 1100 provides timing, and a 
Software model that works together with the hardware model 
to perform the memory acceSS function, i.e., to acceSS target 
memory contents from the memory model for the user 
program in response to one or more bus cycles. 

0311. An example of a fairly complex processor model 
1600 is shown in FIG. 16. This processor model 1600 is 
Suitable for use in Simulating both processor 1 and processor 
2 in the electronic system shown in FIG.8. Processor model 
1600 is for a MIPS R4000 and includes a bus model 1603 
as part of the processor hardware model, and bus functions 
(bus read/write interface) 1605 as part of the software 
processor model of processor model 1600. Similarly, to 
Simulate the processing of interrupts, including non 
maskable interrupts (NMIS), the hardware model includes an 
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interrupt controller 1607 and an asynchronous event multi 
plexer 1609 to generate the single asynchronous event 
provided for in this model, and the software model includes 
an asynchronous event handler 1611 an interrupt control 
handler 1613, and an NMI handler as part of the processor 
Software model of processor model 1600. 
0312. In general, Some processor Software models oper 
ate without any corresponding processor hardware model. 
Thus, if a user Selects to model a bus access by a fixed time 
delay, this can be accomplished by a Software simulation 
model. 

0313 Therefore, although the present invention has been 
described in terms of the presently preferred embodiments, 
it is to be understood that the disclosure is not to be 
interpreted as limiting. Various alterations and modifications 
will no doubt become apparent to those of ordinary skill in 
the art after having read the above disclosure. Accordingly, 
it is intended that the appended claims be interpreted as 
covering all alterations and modifications as fall within the 
true Spirit and Scope of the invention. 

What is claimed is: 
1. A co-simulation design System for testing by Simulation 

an electronic System on a host computer System, the elec 
tronic System including target digital circuitry, a target 
processor having a cache, and an accompanying user pro 
gram to be executed on the target processor, the design 
System comprising: 

a processor Simulator using Software eXecuting on the 
host computer System for Simulating execution of the 
user program on the target processor, the Software 
including an analyzed version of the user program; 

a hardware simulator to simulate the target digital cir 
cuitry using Software executing on the host computer 
System; and 

an interface mechanism that couples the hardware Simu 
lator with the processor Simulator including controlling 
communication between the processor Simulator and 
the hardware Simulator, 

wherein the processor Simulator includes 
a communication mechanism to communicate with the 

hardware simulator using the interface mechanism 
when an event requires interaction of the user program 
with the target digital circuitry, 

a cache Simulator for Simulating the operation of the 
cache; 

wherein determining the analyzed version of the user 
program includes: 

decomposing the user program into linear blocks and 
calculating the time delay that would be incurred by 
executing each linear block on the target processor, the 
time calculating incorporating target processor instruc 
tion timing, and 

identifying those parts of the user program that include 
one or more references that might require a cache 
lookup; 

Such that executing the analyzed version of the user 
program: 
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(i) causes the cache Simulator to be invoked for at least 
one of the references that includes a memory refer 
ence that requires a cache lookup, invoking the cache 
Simulator accounting for the effect of any cache 
misses on timing, and 

(ii) produces accurate timing information incorporating 
target processor instruction timing and cache effects. 

2. The design System of claim 1, 
wherein the target processor includes a pipeline, and 

wherein the time calculating incorporates pipeline 
effects, Such that executing the analyzed version of the 
user program produces accurate timing information 
incorporating target processor instruction timing, cache 
effects, and pipeline effects. 

3. The design System of claim 1, wherein executing the 
analyzed version of the user program causes the cache 
Simulator to be invoked for any reference that include a 
memory reference that requires a cache lookup. 

4. The design System of claim 3, 

wherein the user program includes Statements in a high 
level language, 

wherein decomposing the user program into linear blockS 
includes parsing the user program to determine linear 
block boundaries, 

wherein calculating the time delay for each linear block 
comprises: 

croSS-compiling the user program to produce target code; 

parsing the cross-compiled target code to determine the 
time delay for each line in each Section of the target 
code corresponding to each linear block in the user 
program, the time delay determining using character 
istics of the target processor, and 

calculating the time delay for each linear block of the user 
program from the time delays determined in the target 
code parsing Step, and 

wherein identifying those parts of the user program that 
include one or more references that might require a 
cache lookup further includes: 

inserting hooks in the user program to invoke, at run time, 
the cache Simulator for any reference that includes a 
memory reference. 

5. The design system of claim 4, 

wherein the processor Simulator further includes a 
memory mapper that translates between host memory 
addresses and target memory addresses, the translation 
using memory mapping information, and 

wherein invoking the cache Simulator for one of the 
memory references further includes invoking the 
memory mapper to translate the host memory address 
for the memory reference into the target memory 
address for the memory reference. 

6. The design system of claim 5, 

wherein the target digital circuitry including one or more 
devices coupled to the target processor, each device 
having a target address, 
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wherein the memory mapper also translates between the 
host addresses of each of the devices and the target 
addresses of each of the devices, 

wherein the identifying Step of determining the analyzed 
Version of the user program includes identifying those 
parts of the user program that include one or more 
references that each is either a memory references or a 
reference that require a read or write to a device, and 
inserting hooks in the user program to invoke, at run 
time, a reference process for each of the references, the 
reference process including: determining if the refer 
ence is a memory reference or a device reference, and 
if a device reference, determining the target address of 
the device, and causing the processor Simulator to 
communicate with the hardware simulator via the com 
munication mechanism to cause the device to be writ 
ten to or read from, and if a memory reference, invok 
ing the cache Simulator for the memory reference. 

7. The design system of claim 4, 
wherein the processor Simulator further includes a 
memory allocation Simulator that allocates memory on 
the host computer System while Simulating the alloca 
tion of memory by the target processor, and 

wherein the analysis process includes inserting hooks in 
the user program to invoke the memory allocation 
Simulator during execution of the analyzed program 
that correspond to dynamic memory allocations that 
would occur if the user program was being executed on 
the target processor. 

8. The design system of claim 3, 
wherein the cache includes a data-cache and the processor 

Simulator includes a data cache model, and 
wherein identifying those parts of the user program that 

include one or more references that might require a 
cache lookup further includes: 
identifying those parts of the user program that include 

one or more memory references that require a data 
cache lookup, and 

inserting hooks in the user program to invoke, at run 
time, the cache Simulator using the data-cache model 
for the memory references that require a data-cache 
lookup. 

9. The design system of claim 3, 
wherein the cache includes an instruction-cache and the 

processor Simulator includes an instruction-cache 
model, and 

wherein identifying those parts of the user program that 
include one or more memory references that might 
require a cache lookup further includes: 
identifying those parts of the user program that include 

one or more memory references that require an 
instruction-cache lookup, and 

inserting hooks in the user program to invoke, at run 
time, the cache Simulator using the instruction cache 
model for the memory references that require an 
instruction cache lookup. 

10. The design system of claim 4, wherein the analyzed 
user program includes instructions for accumulating the 
calculated linear block time delays, and executing the ana 
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lyzed program includes executing the user program and 
executing the time delay accumulation instructions. 

11. The design System of claim 4, wherein executing the 
analyzed program includes executing the user program 
while making reference to the calculated linear block time 
delayS. 

12. The design System of claim 3, 
wherein the processor Simulator and the hardware Simu 

lator process independently of each other. 
13. The design system of claim 3, 
wherein the processor Simulator communication mecha 

nism communicates information associated with the 
event to the hardware Simulator, and 

wherein the hardware simulator receives the associated 
event information. 

14. The design system of claim 13, 
wherein the hardware simulator processes the associated 

event information. 
15. The design system of claim 14, 
wherein the event information includes time delay infor 

mation indicating an amount of Simulated time Since a 
previous event, and 

wherein, upon receiving the time delay information, the 
hardware simulator executes an appropriate amount of 
hardware simulation time. 

16. The design system of claim 3, 
wherein the host computer System includes a computer 

network containing a first and a Second host computer, 
wherein the processor Simulator operates on the first host 

computer, 

wherein the hardware simulator operates on the Second 
host computer, and 

wherein the processor Simulator is coupled to the hard 
ware Simulator by a computer network connection of 
the computer network, and 

wherein the interface mechanism controls communica 
tions over the network connection. 

17. The design System of claim 14, further comprising 
a Suspend mechanism coupled to the processor Simulator 

that temporarily halts execution of the user program on 
the processor Simulator while the hardware Simulator 
processes the event information. 

18. The design system of claim 17, wherein the interface 
mechanism includes the Suspend mechanism. 

19. The design system of claim 14, 
wherein the hardware Simulator processing the event 

information produces an event result, and, 
wherein the hardware simulator includes a mechanism to 

communicate the event result to the processor Simulator 
using the interface mechanism. 

20. The design system of claim 19, wherein the event 
result is an interrupt, and is processed upon receipt of the 
event result by the processor Simulator. 

21. The design system of claim 19, further including 
a resumption mechanism coupled to the processor Simu 

lator to resume execution of the user program upon 
receipt of the event result. 
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22. The design System of claim 4, wherein the cache 
Simulator returns a time delay when the cache Simulator 
determines there is a cache miss. 

23. The design system of any of claims 4-22, wherein the 
Significant event is the cache Simulator determining that 
there is a cache miss that requires a number of bus cycles to 
be executed, the number of bus cycles determined by 
characteristics of the cache. 

24. The design System of claim 23, further comprising 
a Suspend mechanism coupled to the processor Simulator, 
wherein the target processor includes a bus and wherein 

the target digital circuitry Simulated by the hardware 
Simulator includes a bus model, 

wherein the processor Simulator communication mecha 
nism communicates information associated with the 
event to the hardware Simulator, 

wherein the hardware simulator receives the associated 
event information and processes the associated event 
information, processing the associated event informa 
tion including processing the number of bus cycles, and 

wherein the Suspend mechanism temporarily halts execu 
tion of the user program on the processor Simulator 
while the hardware simulator processes the event infor 
mation. 

25. The design system of claim 3, wherein the event 
requiring the user program to interact with the target digital 
circuitry is an input/output instruction to the hardware 
Simulator. 

26. The design System of claim 3, wherein the processor 
Simulator uses a first data format and the hardware simulator 
uses a Second data format, the System further including a 
translator to convert the associated event information from 
the first data format to the Second data format. 

27. The design system of claim 19, 
wherein the hardware Simulator contains a processor 

model Shell to access of at least Some of the external 
hardware signals of the target processor connected to 
the digital circuitry in the electronic System, and 

wherein the processor Simulator uses a first data format 
and the hardware simulator uses a Second data format, 

the design System further including a mapper to map an 
event result in the Second data format to the first data 
format. 

28. The design system of claim 27, wherein the host 
computer System includes a computer network, wherein the 
processor Simulator is coupled to the translator and the 
mapper by a first computer network connection of the 
computer network, the interface mechanism controlling 
communication between the processor Simulator, and the 
translator and the mapper over the first network connection. 

29. The design system of claim 28, wherein the translator 
and the mapper are coupled to the hardware simulator by a 
Second computer network connection of the computer net 
work, the interface mechanism controlling communication 
between the translator and the mapper, and the hardware 
Simulator over the first and Second network connections. 

30. The design system of claim 3, wherein the hardware 
Simulator operates in a hardware description language, and 
at least Some of the digital circuitry is specified in the 
hardware description language. 
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31. The design system of claim 3, wherein the hardware 
Simulator provides for modeling digital circuitry in a high 
level language and, wherein at least Some of the digital 
circuitry is specified in the high level language. 

32. The design system of claim 3, wherein the interface 
mechanism includes a message passing kernel. 

33. The design system of claim 32, wherein the processor 
Simulator and the hardware simulators are tasks under the 
kernel. 

34. The design system of claim 32, wherein the host 
computer System includes a plurality of host processors, and, 
wherein the processor Simulator and the hardware simulators 
execute on different host processors. 

35. A co-simulation design System for testing by Simula 
tion an electronic System on a host computer System, the 
electronic System including target digital circuitry, first and 
Second target processors, and accompanying first and Second 
user programs to be executed on each of the target proces 
Sors, at least the first target processor having a cache, the 
design System comprising: 

a first processor Simulator using Software executing on the 
host computer System for Simulating execution of the 
first user program on the first target processor, the 
Software including an analyzed version of the first user 
program, 

a Second processor Simulator using Software executing on 
the host computer System for Simulating execution of 
the Second user program on the Second target processor, 
the Software including an analyzed version of the 
Second user program; 

a hardware simulator to Simulate the target digital cir 
cuitry using Software executing on the host computer 
System; and 

an interface mechanism that couples the hardware simu 
lator with the first and Second processor Simulators, 
including controlling communication between the first 
and Second processor Simulators and the hardware 
Simulator, 

wherein the first processor Simulator includes a first 
mechanism to communicate with the hardware simu 
lator using the interface mechanism when an event 
requires interaction of the first user program with the 
target digital circuitry, 

wherein the Second processor Simulator includes a Second 
mechanism to communicate with the hardware simu 
lator using the interface mechanism when an event 
requires interaction of the Second user program with the 
target digital circuitry, 

wherein determining the analyzed version of each user 
program includes decomposing the respective user pro 
gram into linear blocks and calculating the time delay 
that would be incurred by executing each linear block 
on the respective target processor, the time calculating 
incorporating respective target processor's instruction 
timing, 

wherein determining the analyzed version of the first user 
program further includes identifying those parts of the 
first user program that include one or more references 
that might require a cache lookup, 
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Such that executing the analyzed version of each user 
program produces accurate timing information incor 
porating the respective target processor instruction tim 
ing including any cache effects in the case of the first 
target proceSSOr. 

36. The design system of claim 35, wherein at least one 
of the target processors includes a pipeline, and wherein the 
time calculating for determining the analyzed version of the 
user program for the target processor that includes the 
pipeline also incorporates pipeline effects, Such that execut 
ing the analyzed version of the user program for the target 
processor that includes the pipeline produces timing infor 
mation that also incorporates pipeline effects. 

37. The design system of claim 35, wherein the first and 
Second processor Simulators and the hardware simulator 
process independently of each other. 

38. The design system of claim 35, 
wherein the first processor Simulator communication 

mechanism communicates information associated with 
the first user program event to the hardware simulator, 

wherein the Second processor Simulator communication 
mechanism communicates information associated with 
the Second user program event to the hardware Simu 
lator, 

wherein the hardware simulator receives the first user 
program associated event information, and 

wherein the hardware simulator receives the Second user 
program associated event information. 

39. The design system of claim 38, 
wherein the hardware simulator processes the first user 

information associated event information, generating a 
first user program event result, and 

wherein the hardware simulator processes the Second user 
information associated event information, generating a 
Second user program event result. 

40. The design system of claim 39, 
wherein each event information includes time delay infor 

mation indicating an amount of Simulated time Since 
the hardware simulator last received previous event 
information from the respective user program, and 

wherein, upon receiving the time delay information from 
either of the processor Simulators, the hardware simu 
lator executes an appropriate amount of hardware Simu 
lation time. 

41. The design system of claim 40, wherein the time delay 
information is forwarded to the hardware simulator from 
either of the processor Simulator when no event information 
has been conveyed by that processor Simulator to the hard 
ware Simulator within a predetermined amount of time. 

42. The design system of claim 35, 
wherein the host computer System includes a computer 

network containing a first and a Second host computer, 
wherein the processor Simulator operates on the first host 

computer, wherein the hardware simulator operates on 
the Second host computer, 

wherein the processor Simulator is coupled to the hard 
ware Simulator by a computer network connection of 
the computer network, and 
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wherein the interface mechanism controls communica 
tions over the network connection. 

43. The design system of claim 35, further comprising: 
first and Second Suspend mechanisms respectively 

coupled to the first and Second processor Simulators, 
each Suspend mechanism temporarily halting execution 
of the respective user program on the respective pro 
ceSSor Simulator while the hardware Simulator pro 
ceSSes the respective user program event information. 

44. The design system of claim 43, 
wherein the interface mechanism includes the Suspend 

mechanisms. 
45. The design system of claim 39, wherein the hardware 

Simulator processes the event information producing an 
event result for information associated with each event, and 

wherein the hardware simulator includes a mechanism to 
communicate the event result to the respective proces 
Sor Simulator whose user program produced the event, 
using the interface mechanism. 

46. The design system of claim 45, wherein one of the 
event results is an interrupt for a particular target processor, 
and is processed upon receipt of the event result by one of 
the processor Simulator associated to the event. 

47. The design system of claim 45 further including first 
and Second resumption mechanisms respectively coupled to 
the first and Second processor Simulators to resume execu 
tion of the respective user program upon receipt of the 
respective user program event result. 

48. The design system of claim 35, 
wherein the host computer System includes a computer 

network, and, 

wherein the first and Second processor Simulators are each 
coupled to the hardware simulator by a respective 
computer network connection of the computer network, 
the interface mechanism controlling communications 
over the network connections. 

49. The design system of claim 35, 
wherein the one of the user program events is an input/ 

output instruction to the hardware Simulator, and 
wherein the interface mechanism controls communication 

of the input/output instruction from the event-associ 
ated processor Simulator to the hardware simulator. 

50. The design system of claim 35, 

wherein the first and Second processor Simulators use a 
first data format and the hardware simulator uses a 
Second data format, the System further including a 
translator to convert the events when the first or Second 
user program for the first or Second target processor, 
respectively, requires interaction with the target digital 
circuitry from the first data format to the Second data 
format. 

51. The design system of claim 50, wherein the hardware 
Simulator contains first and Second processor model Shells to 
Simulate activation of the pins of the first and Second target 
processors, respectively, the System further including a 
mapper to map an event result in the Second data format to 
the first processor data format. 

52. The design system of claim 35, wherein the interface 
mechanism includes a message passing kernel. 
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53. A method of Simulating an electronic System that 
includes target digital circuitry and a target processor having 
a cache, the method comprising: 

(a) simulating execution of the user program on the target 
processor by executing the analyzed version of the user 
program on the host processor, the executing of the 
analyzed version including invoking a cache Simulation 
process for a memory reference in the user program, 
and accumulating accurate timing information, the 
cache Simulation process simulating the cache to 
account for the timing effects of a cache miss, and the 
accurate timing information including incorporating 
instruction timing, 

(b) simulating the target digital circuitry on a hardware 
Simulator operating on the host computer System, the 
Simulating of the target digital circuitry including accu 
mulating accurate timing information; and 

(c) passing communication between the simulation of 
execution of the user program and the hardware Simu 
lator at Significant events, including events that require 
interaction between the user program and the target 
digital circuitry. 

54. The method according to claim 53, wherein the 
analyzed version of the user program is obtained by an 
analysis process including: decomposing the user program 
into linear blocks, calculating the time delay related to the 
delay that would be incurred by executing each linear block 
on the target processor with no cache misses, identifying 
those parts of the user program that have one or more 
references that might require a cache lookup, and inserting 
hooks into the user program to invoke the cache Simulation 
process for the one or more memory references, the time 
delay calculating incorporating target processor instruction 
timing according to the target processor characteristics. 

55. The method according to claim 54, wherein the target 
processor includes a pipeline, and wherein the time calcu 
lating incorporates pipeline effects, Such that executing the 
analyzed version of the user program produces accurate 
timing information incorporating target processor instruc 
tion timing, cache effects, and pipeline effects. 

56. The method according to claim 53, wherein one of the 
Significant events is a particular event requiring the user 
program to interact with the hardware Simulator, and 
wherein the communication is information associated with 
the particular event, the associated event passed to the 
hardware simulator. 

57. The method according to claim 56, further compris 
ing: 

(d) receiving and processing the associated event infor 
mation at the processor Simulator. 

58. The method according to claim 57, wherein the 
asSociated event information includes time delay informa 
tion indicating an amount of Simulated time Since a previous 
Significant event, and wherein said step (d) of processing 
executes an appropriate amount of hardware simulation 
time. 

59. The method according to claim 58, further compris 
ing: 

(e) Suspending Step (a) of simulating execution of the user 
program while the associated event information is 
processed in Said step (d). 
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60. The method according to claim 58, wherein said 
associated event processing step (d) produces an event 
result. 

61. The method according to claim 59, wherein said 
associated event processing step (d) produces an event 
result, the method further including: 

(f) resuming said execution user program simulating step 
(a) when the event result is produced. 

62. The method according to claim 61, wherein the event 
result is an asynchronous event, and wherein Said resuming 
Step (b) causes simulation of execution of an asynchronous 
event handler, the handler being part of the user program. 

63. The method according to claim 62, wherein the 
asynchronous event occurs before the processor Simulator 
executes the appropriate amount of hardware simulation 
time. 

64. The method according to claim 54, further including: 
(d) modeling one or more aspects of the target processor 

execution at a user Selected level of detail. 
65. The method according to claim 64, wherein the 

analyzing Step further comprises: 
inserting hooks into the user program that causes at run 

time the one or more aspects of the target processor 
execution to be simulated at the selected level of 
accuracy. 

66. The method according to claim 64, wherein the one or 
more aspects are modeled in hardware, and wherein the 
inserted code causes the one or more aspects to be simulated 
on the hardware simulator. 

67. A method for creating a processor model for Simulat 
ing the operation of a target processor executing a user 
program, the processor model for use in a simulation design 
System operable on a host computer System to Simulate an 
electronic System that contains target digital circuitry and 
the target processor, the target processor having a cache, the 
design System including a hardware simulator for Simulating 
the digital circuitry on the host computer System, the method 
comprising: 

(a) creating a processor model shell for operation on the 
hardware simulator, the processor model Shell access 
ing one or more signals of the target processor acces 
Sible to digital circuitry external to the target processor, 

(b) creating a Software shell to provide the user program 
access to the processor Signals coupled to the digital 
circuitry in the electronic System; and 

(c) creating target processor Specific information for use 
in analyzing a user program to determine user program 
timing information Such that when the user program is 
run on a processor Simulator operating on the host 
computer System, the processor Simulator accurately 
Simulates execution, including providing timing, as if 
the user program was executing on the target processor, 
the timing taking into account instruction timing and 
pipeline effects, 

the user program analyzing including: decomposing the 
user program into linear blocks, calculating the time 
delay related to the delay that would be incurred by 
executing each linear block on the target processor with 
no cache misses, identifying those parts of the user 
program that have one or more references that might 
require a cache lookup, and inserting hooks into the 
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user program to invoke the cache Simulation process 
for any references that include a memory reference that 
requires a cache lookup, the time delay calculating 
using the target processor Specific information. 

68. The method of claim 67, 
wherein the hardware Simulator Simulates hardware 

described in a hardware description language, and 
wherein the processor model Shell comprises an interface 

in the hardware description language. 
69. The method of claim 68, wherein the Software shell 

comprises high-level computer language code. 
70. The method of claim 67, 

wherein the hardware simulator Simulates hardware using 
a high level language, and 

wherein the processor model Shell comprises an interface 
in the high level language. 

71. The method of claim 67, 
wherein the user program includes high level computer 

language code, 
wherein determining the time delay for each linear block 

comprises: 
cross-compiling the user program to produce target 

code; 
parsing the croSS-compiled target code to determine the 

time delay for each line in each Section of the target 
code corresponding to each linear block in the user 
program; and 

determining the time delay for each linear block of the 
user program from the time delays determined in the 
target code parsing Step, and 

wherein the target processor Specific information 
includes information on how to parse croSS-compiled 
target code. 

72. The method of claim 67, 
wherein the hardware simulator defines the simulation 

time frame, and 

wherein the software shell further provides a user pro 
gram access to the hardware simulator for the purpose 
of user program time control. 

73. The method of claim 67, further including: 
Selecting a level of detail of the processor model. 
74. The method of claim 73, wherein said selecting a level 

of detail further includes: 

modeling in hardware one or more aspects of the target 
processor execution where greater accuracy is desired, 
execution of the one or more aspects Simulated on the 
hardware simulator. 

75. The method of claim 73, wherein the user program 
analyzing further includes inserting code into the user pro 
gram that Simulates at execution time one or more aspects of 
the target processor execution where greater accuracy is 
desired. 

76. The method of claim 75, wherein inserted code 
includes code that causes the hardware simulator to Simulate 
at least part of the one or more aspects of the target processor 
execution. 
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77. A method of simulating on a host computer system the 
execution of a user program on a target processor having a 
cache, the method comprising: 

(a) decomposing the user program into linear blocks; 
(b) determining linear block timing information including 

the time delays that would be incurred executing each 
linear block of the user program on the target processor 
with no cache misses, the determining using character 
istics of the target processor including instruction tim 
ing and cache characteristics, the block timing infor 
mation taking into account instruction timing and 
pipeline effects, and 

(c) identifying those parts of the user program that include 
one or more references that might require a cache 
lookup; 

(d) inserting hooks into the user program to invoke a 
cache Simulation proceSS for any reference that 
includes a memory reference requiring a cache lookup; 

(e) combining the linear block timing information with 
the user program; 

(f) executing the combined user program and linear block 
timing information on the host computer System; and 

(g) Simulating the target digital circuitry on a hardware 
Simulator running on the host computer System, 

wherein execution of the combined user program and 
linear block timing information on the host computer 
System includes communicating with the hardware 
Simulator when an event requires interaction of the user 
program with the target digital circuitry, 

Such that the execution of the combined user program and 
linear block timing information on the host computer 
System Simulates the execution of the user program on 
the target processor including providing accurate 
execution timing that takes into account instruction 
timing and cache effects. 

78. The method of claim 77, 

wherein the user program includes Statements in a high 
level language, 

wherein the Step of decomposing the user program into 
linear blocks includes parsing the user program to 
determine linear block boundaries, 

wherein determining the time delay for each linear block 
comprises: 

cross-compiling the user program to produce target 
code; 

parsing the cross-compiled target code to determine the 
time delay for each line in each Section of the target 
code corresponding to each linear block in the user 
program, the time delay determining using charac 
teristics of the target processor, and 

determining the time delay for each linear block of the 
user program from the time delays determined in the 
target code parsing step. 
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79. The method of claim 78, 
wherein combining the linear block timing information 

with the user program produces an analyzed user 
program that includes instructions for accumulating the 
timing delay, and 

wherein the executing executes the analyzed user program 
on the host processor. 

80. A co-simulation design System for testing by Simula 
tion an electronic System on a host computer System, the 
electronic System including target digital circuitry, a target 
processor, and an accompanying user program to be 
executed on the target processor having a target processor 
bus, the design System comprising: 

a processor Simulator using Software executing on the 
host computer System for Simulating execution of the 
user program on the target processor, the Software 
including an analyzed version of the user program; 

a hardware simulator to simulate the target digital cir 
cuitry using Software executing on the host computer 
System; and 

an interface mechanism that couples the hardware Simu 
lator with the processor Simulator including controlling 
communication between the processor Simulator and 
the hardware Simulator, 

wherein the processor Simulator includes 
a communication mechanism to communicate with the 

hardware simulator using the interface mechanism 
when an event requires interaction of the user pro 
gram with the target digital circuitry, 

wherein at least Some of the operation of the target 
processor bus may be simulated by running a hardware 
model of the target processor bus on the hardware 
Simulator, 

wherein determining the analyzed version of the user 
program includes: 
decomposing the user program into linear blockS and 

calculating the time delay that would be incurred by 
executing each linear block on the target processor, 
the time calculating incorporating target processor 
instruction timing, 

Such that executing the analyzed version of the user 
program produces accurate timing information incor 
porating target processor instruction timing. 

81. A co-simulation design System for testing by Simula 
tion an electronic System on a host computer System, the 
electronic System including target digital circuitry, a target 
processor, and an accompanying user program to be 
executed on the target processor, the target digital circuitry 
including target memory for the target processor, the design 
System comprising: 

a processor Simulator using Software executing on the 
host computer System for Simulating execution of the 
user program on the target processor, the Software 
including an analyzed version of the user program; 

a hardware simulator to simulate the target digital cir 
cuitry using Software executing on the host computer 
System; and 
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an interface mechanism that couples the hardware simu 
lator with the processor Simulator including controlling 
communication between the processor Simulator and 
the hardware Simulator, 

wherein the processor Simulator includes 
a communication mechanism to communicate with the 

hardware Simulator using the interface mechanism 
when an event requires interaction of the user pro 
gram with the target digital circuitry, and 

a memory mapper that translates between host memory 
addresses and target memory addresses, the transla 
tion using memory mapping information, 

wherein at least Some of the operation of the target 
memory may be simulated by running a hardware 
model of the target memory on the hardware simulator, 

wherein the contents of the Simulated target memory are 
Stored on the host computer System, 

wherein determining the analyzed version of the user 
program includes: 
decomposing the user program into linear blockS and 

calculating the time delay that would be incurred by 
executing each linear block on the target processor, 
the time calculating incorporating target processor 
instruction timing, 

Such that executing the analyzed version of the user 
program produces accurate timing information incor 
porating target processor instruction timing. 

82. The design system of claim 81, 
wherein the user program includes Statements in a high 

level language, 
wherein decomposing the user program into linear blockS 

includes parsing the user program to determine linear 
block boundaries, 

wherein calculating the time delay for each linear block 
comprises: 
cross-compiling the user program to produce target 

code; 
parsing the cross-compiled target code to determine the 

time delay for each line in each Section of the target 
code corresponding to each linear block in the user 
program, the time delay determining using charac 
teristics of the target processor, and 

calculating the time delay for each linear block of the 
user program from the time delays determined in the 
target code parsing step. 

83. The design system of claim 82, 
wherein the processor Simulator further includes a 
memory allocation Simulator that allocates memory on 
the host computer System while Simulating the alloca 
tion of memory by the target processor, and 

wherein the analysis process includes inserting hooks in 
the user program to invoke the memory allocation 
Simulator during execution of the analyzed program 
that correspond to dynamic memory allocations that 
would occur if the user program was being executed on 
the target processor. 
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84. A co-simulation design System for testing by Simula 
tion an electronic System on a host computer System, the 
electronic System including target digital circuitry, a target 
processor, and an accompanying user program to be 
executed on the target processor, the design System com 
prising: 

a processor Simulator using Software executing on the 
host computer System for Simulating execution of the 
user program on the target processor, the Software 
including an analyzed version of the user program; 

a hardware simulator to simulate the target digital cir 
cuitry using Software executing on the host computer 
System; and 

an interface mechanism that couples the hardware Simu 
lator with the processor Simulator including controlling 
communication between the processor Simulator and 
the hardware Simulator, 

wherein the processor Simulator includes 
a communication mechanism to communicate with the 

hardware Simulator using the interface mechanism 
when an event requires interaction of the user pro 
gram with the target digital circuitry, and 

a memory allocation simulator that allocates memory 
on the host computer System while Simulating the 
allocation of memory by the target processor, 

wherein determining the analyzed version of the user 
program includes: 

decomposing the user program into linear blockS and 
calculating the time delay that would be incurred by 
executing each linear block on the target processor, 
the time calculating incorporating target processor 
instruction timing, and 

inserting hooks in the user program to invoke the 
memory allocation Simulator during execution of the 
analyzed program that correspond to dynamic 
memory allocations that would occur if the user 
program was being executed on the target processor, 
and 

Such that executing the analyzed version of the user 
program produces accurate timing information incor 
porating target processor instruction timing. 

85. A co-simulation design System for testing by Simula 
tion an electronic System on a host computer System, the 
electronic System including target digital circuitry, a target 
processor, and an accompanying user program to be 
executed on the target processor, the target digital circuitry 
including one or more devices coupled to the target proces 
Sor, each device having a target address, the design System 
comprising: 

a processor Simulator using Software executing on the 
host computer System for Simulating execution of the 
user program on the target processor, the Software 
including an analyzed version of the user program; 

a hardware simulator to simulate the target digital cir 
cuitry using Software executing on the host computer 
System; and 
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an interface mechanism that couples the hardware simu 
lator with the processor Simulator including controlling 
communication between the processor Simulator and 
the hardware Simulator, 

wherein the processor Simulator includes 
a communication mechanism to communicate with the 

hardware Simulator using the interface mechanism 
when an event requires interaction of the user pro 
gram with the target digital circuitry, and 

wherein determining the analyzed version of the user 
program includes: 
decomposing the user program into linear blockS and 

calculating the time delay that would be incurred by 
executing each linear block on the target processor, 
the time calculating incorporating target processor 
instruction timing, and 

identifying those parts of the user program that include 
one or more references that might require a read or 
write to a device; 

Such that executing the analyzed version of the user 
program 

(i) causes the processor Simulator to communicate with 
the hardware simulator via the communication 
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mechanism to cause the device to be written to or 
read from for any reference that is a device reference 
requiring a read or write to a device, and 

(ii) produces accurate timing information incorporating 
target processor instruction timing. 

86. The design system of claim 85, 

wherein the processor Simulator further includes a 
memory mapper that translates between the host 
addresses of each of the devices and target addresses of 
each of the devices, and 

wherein the analysis process includes inserting hooks in 
the user program to invoke during execution of the 
analyzed program a reference process for each of the 
references, the reference process including: determin 
ing if the reference is a memory reference or a device 
reference, and if a device reference, determining the 
target address of the device, and causing the processor 
Simulator to communicate with the hardware Simulator 
via the communication mechanism to cause the device 
to be written to or read from. 


