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(57) ABSTRACT 

The present invention adds capabilities to a Hardware Veri 
?cation Language (HVL) Which facilitate the monitoring of 
a device under test (DUT). The HVL language supports 
Object-Oriented Programming (or OOP). Within this OOP 

Class De?nition: 

framework, the present invention provides a monitoring 
facility comprised of three main stages: i) Coverage De? 
nitions, ii) Coverage Instantiation and Triggering and iii) 
Coverage Feedback. 

A coverage de?nition is very similar to an OOP class 
de?nition, but does not contain methods or variables. 
Instead, the basic purpose of a coverage de?nition is to 
declare “monitor bins” in terms of a state variable. Essen 
tially, each monitor bin declaration has a unique bin name 
Which is associated With a particular behavior of the state 
variable and the unique bin name is used to record the state 
variable’s behavior. 

Instantiation of a coverage de?nition produces a coverage 
instance. TWo key instantiation parameters are: an actual 
state variable that is to be monitored by the instance and a 
trigger expression Which determines When the state variable 
of the instance is to be monitored. Instantiating means that 
a concurrent, non-terminating, “coverage instance process” 
is also forked off. The “foreground” thread of control Which 
forked off the coverage instance process may continue to 
operate and subject a DUT to stimuli. The DUT’s responses 
to such stimuli may be monitored by the coverage instance 
process and stored as data associated With the coverage 
instance. 

The same foreground thread of control subjecting the DUT 
to stimuli can also query the resulting state of the coverage 
instance’s data. This ability to query a coverage instance’s 
data make possible “closed loop” testing since the fore 
ground thread of control can subsequently alter further 
stimuli generated for the DUT based upon the results of its 
query. 

class <class name> [extends <parent c|ass> ] 

<variab|e declarations> 

<constraint bl0cks> 

<methods> 
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FIGURE1 
Class De?nition: 

class <class name> [extends <parent class>] 

<variable declarations> 

<constraint blocks> 

<methods> 

FIGURE 2 
Coverage Definition: 

coverage_def <coverage class name> (<definition state variable>, <arguments>) 
{ 

<coverage declarations> 
<measure of coverage> 
<coverage goal> 
coverage option = <LO/Hl/CROSS_TRANS> 
<c0verage initilization> 

} 

FIGURES 
State Declaration: 

state <state bin name> (<state speci?cation>) [<conditional expression>1 ; 

FlGURE4 
Transition Declaration: 

trans <trans bin name> ( <state transitions> ) [<conditional expression>] ; 
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FIGURE 5 
Coveraqe lnstantiation: 

<coverage class name> ‘<coverage handle name> = 
newcov( <instance state variable>, <instance trigger> [, <optionalargs>1 ); 

FIGURE 6 
Coverage Feedback: 

query( <query command> [ , <query bin type>, <query bin pattern>, 
<query operand>, <query hit> 1 ) ; 

FIGURE 7 
Coverage Feedback: 

<coverage handle name>.query( <query command> [ , <query bin type>, 
<query bin pattern>, <query operand>, <query hit>] ) ; 

FIGURE 8 
Default Measure of Coveraqe: 

c0verage_va| = 100 * 

query( NUM_BlN, TRANS I STATE, GT’ 6) I 
query( NUM_BlN, TRANS I STATE, 1*”); 

FIGURE 9 
Measure of Coverage: 

c0verage__val = 100 * 

query( <query command>, <query bin type>, <query bin pattern>, <query 
operand>, <query hit> )/ 
query( <query command>, <query bin type>, <query bin pattern> ) ; 



Patent Application Publication Mar. 28, 2002 Sheet 3 0f 6 US 2002/0038447 A1 

FIGURE 10 
Coveraqe Cross-Correlation Feedback: 

<query_x return value> = query_x( <query_x param>, 
<query_x handles to coverage instances> ); 

FIGURE 12 
Coveraqe Cross-Correlation Report: 

coverage( CROSS, <coverage cross handles to coverage instances>, <coverage 
cross output ?|e> ); 
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FIGURE 13 

Step 1301: Create coverage de?nition(s) with “coverage_det” 

Step 1302: Create coverage instance(s) with “newcov" which monitor DUT 

Step 1303: Generate input stimuli for DUT 

Step 1304: Query coverage instance(s) monitoring DUT 

Step 1305: Have testing goals been achieved? 

Yes, END TESTING 

No, go to Step 1306 

Step 1306: Adjust stimulus generator based upon query information of Step 1304 

Step 1307: Go to Step 1303 
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FIGURE 14 

Step 1401: 
Initialize current_events_lists to UNKNOWN 
Initialize next_events__lists to empty 
initialize file_pointer to ?rst bin event for each bin event ?le 

Step 1402: Read each bin event ?le until reaching bin event‘with greater time stamp or 
end of ?le. 

Step 1403: For each bin event ?le i, place its bin events read (except the last one at a 

greater time) into naxt_events_listi 

Step 1404: From among the n next_events_lists, identify the next_earliest_events 
subset 

Step 1405: For each current_events_listi, replace its contents with next_events_listi if 

next_ events _lisr,. is a member of next_earliest_events 

Step 1406: Generate all possible combinations of the n current_events_lists and write 
each such combination to combinations_hash_table 

Step 1407: Every next_events_listi, which is a member of next_earliest_events, is 
reset to empty 

Step 1408: Do all ?le_pointers point to end of ?le? 
Yes, ALL CROSS-CORRELATlONS HAVE BEEN FOUND 
No, 90 to Step 1409 

Step 1409: For each ?le__p0inter; corresponding to a member of next_earliest_events 
and not pointing to end of ?le, read its bin event ?le until reaching bin event with greater 
time stamp or end of ?le. 

Step 1410: For each bin event ?le i read in Step 1409, its bin events read in Step 1409 
are placed in next?evenls_listi 

Step 1411: Go to Step 1404 
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METHOD AND APPARATUS FOR ADAPTIVE 
VERIFICATION OF CIRCUIT DESIGNS 

[0001] This patent includes a Micro?che Appendix Which 
consists of a total of 5 micro?che that contain a total of 442 
frames. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to veri?ca 
tion languages, and more particularly to language statements 
Which monitor and query the results of the application of test 
data. 

BACKGROUND OF THE INVENTION 

[0003] To tackle the increasing complexity of integrated 
digital electronic circuits, designers need faster and more 
accurate methods for verifying the functionality and timing 
of such circuits, particularly in light of the need for ever 
shrinking product development times. 

[0004] The complexity of designing such circuits is often 
handled by expressing the design in a high-level hardWare 
description language (HLHDL). The HLHDL description is 
then converted into an actual circuit through a process, Well 
knoWn to those of ordinary skill in the art as “synthesis,” 
involving translation and optimiZation. Typical examples of 
an HLHDL are IEEE Standard 1076-1993 VHDL and IEEE 
Standard 1364-1995 Verilog HDL, both of Which are herein 
incorporated by reference. 

[0005] An HLHDL description can be veri?ed by simu 
lating the HLHDL description itself, Without translating the 
HLHDL to a loWer-level description. This simulation is 
subjected to certain test data and the simulation’s responses 
are recorded or analyZed. 

[0006] Veri?cation of the HLHDL description is important 
since detecting a circuit problem early prevents the expen 
diture of valuable designer time on achieving an ef?cient 
circuit implementation for a design Which, at a higher level, 
Will not achieve its intended purpose. In addition, simulation 
of the design under test (DUT) can be accomplished much 
more quickly in an HLHDL than after the DUT has been 
translated into a loWer-level, more circuit oriented, descrip 
tion. 

[0007] The veri?cation of HLHDL descriptions has been 
aided through the development of HardWare Veri?cation 
Languages (or HVLs). Among other goals, HVLs are 
intended to provide programming constructs and capabilities 
Which are more closely matched to the task of modeling the 
environment of an HLHDL design than are, for example, the 
HLHDL itself or softWare-oriented programming languages 
(such as C or C++). HVLs permit a DUT, particularly those 
DUTs expressed in an HLHDL, to be tested by stimulating 
certain inputs of the DUT and monitoring the resulting states 
of the DUT. 

[0008] The ability of an HVL to monitor is key for such 
activities as determining Whether the DUT is performing as 
expected, or for determining the extent to Which the DUT 
has been tested. 

SUMMARY OF THE INVENTION 

[0009] The present invention adds to the HVL knoWn as 
“Vera” capabilities Which facilitate the monitoring of a DUT. 

[0010] Vera is a language Which supports a programming 
style knoWn as Object-Oriented Programming (or OOP). It 
is a programming language in Which classes, and hierarchies 
of classes, can be de?ned. 
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[0011] Within this OOP frameWork, the present invention 
provides a monitoring facility comprised of three main 
stages: i) Coverage De?nitions, ii) Coverage Instantiation 
and Triggering and iii) Coverage Feedback. 

[0012] A coverage de?nition is very similar to a class 
de?nition, Within OOP, but does not contain methods or 
variables. Instead, the basic purpose of a coverage de?nition 
is to declare “monitor bins” in terms of a state variable. 
Essentially, each monitor bin declaration has a unique bin 
name Which is associated With a particular behavior of the 
state variable. This behavior can either be the state variable 
being in a particular state, or the state variable transitioning 
betWeen a certain sequence of states. Whenever the state 
variable exhibits behavior that matches the particular behav 
ior speci?ed by a monitor bin declaration, that bin Will 
increment a counter dedicated to that bin. If the option is so 
selected, the matching of a bin can also be recorded as a “bin 
event” Which comprises an indication of the bin that Was 
matched and a time stamp as to When the matching occurred. 

[0013] Instantiation of a coverage de?nition produces a 
coverage instance, Which is pointed to by a handle. When 
instantiating a coverage de?nition, tWo key parameters are: 
an actual state variable that is to be monitored by the 
instance and a trigger expression Which determines When the 
state variable of the instance is to be monitored. instantiating 
a coverage de?nition, as part of a test program’s thread of 
control, means that a concurrent, non-terminating, “cover 
age instance process” is also forked off. As long as at least 
one handle is pointing to the coverage instance, its coverage 
instance process Will continue. When there are no longer any 
references to a coverage instance, the coverage instance, and 
its coverage instance process, are automatically deallocated 
(or “garbage collected”). Until it is deallocated, the coverage 
instance process Will monitor, “in the background,” the 
value of the coverage instance’s state variable each time the 
coverage instance’s trigger expression is satis?ed. Mean 
While, “in the foreground,” the thread of control Which 
forked off the coverage instance process may continue to 
operate and can, for example, subject a DUT to stimuli. The 
DUT’s responses to such stimuli may be monitored by the 
coverage instance process. In particular, the coverage 
instance process Will increment counters (or store bin 
events) indicating bins of its coverage instance Which it 
determines have been matched by states of the speci?ed 
state variable occurring at the trigger-expression-speci?ed 
monitoring times. 

[0014] The same foreground thread of control subjecting 
the DUT to stimuli can also determine the resulting state of 
the coverage instance’s monitor bin counters With a “query” 
function. Using the “query_x” function, cross correlations 
betWeen multiple coverage instances can be found. Thus the 
query and query_x functions make possible “closed loop” 
testing since the same foreground thread of control can: i) 
instantiate a coverage instance that forks off an associated 
coverage instance process, ii) generate stimuli for a DUT 
Which Will cause the counters associated With the coverage 
instance’s monitor bins to be updated (or store bin events), 
iii) periodically query the contents of the coverage 
instance’s monitor bin counters (or bin events), and iv) alter 
the stimuli generated for the DUT based upon the results of 
the query. 



US 2002/0038447 A1 

[0015] Advantages of the invention Will be set forth, in 
part, in the description that follows and, in part, Will be 
understood by those skilled in the art from the description or 
may be learned by practice of the invention. The advantages 
of the invention Will be realiZed and attained by means of the 
elements and combinations particularly pointed out in the 
appended claims and equivalents. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The accompanying drawings, that are incorporated 
in and constitute a part of this speci?cation, illustrate several 
embodiments of the invention and, together With the 
description, serve to explain the principles of the invention: 

[0017] FIG. 1 shoWs the general syntactic structure of a 
class de?nition; 

[0018] FIG. 2 depicts the general syntactic structure for 
declaring a coverage de?nition; 

[0019] FIG. 3 illustrates the general syntactic structure for 
a state declaration; 

[0020] FIG. 4 illustrates the general syntactic structure for 
a transition declaration; 

[0021] FIG. 5 depicts the general syntactic structure for 
instantiating a coverage de?nition; 

[0022] FIG. 6 depicts a general syntactic structure for 
utiliZing the query function to obtain information from a 
coverage instance; 

[0023] FIG. 7 depicts another general syntactic structure 
for utiliZing the query function to obtain information from a 
coverage instance; 

[0024] FIG. 8 shoWs a default measure of coverage for a 
coverage de?nition; 

[0025] FIG. 9 shoWs a the general syntactic structure for 
de?ning a measure of coverage for a coverage de?nition; 

[0026] FIG. 10 depicts a general syntactic structure for 
utiliZing the query_x function to obtain cross correlation 
information from coverage instances; 

[0027] FIG. 11 shoWs a computing hardWare environment 
Within Which to operate the present invention; 

[0028] FIG. 12 depicts a general syntactic structure for 
utiliZing the coverage cross function to obtain cross corre 
lation information from coverage instances; 

[0029] FIG. 13 illustrates a closed loop adaptive veri? 
cation ?oW chart; and 

[0030] FIG. 14 depicts a How chart for ?nding all the 
cross-correlated combinations among n bin event ?les. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0031] Reference Will noW be made in detail to preferred 
embodiments of the invention, examples of Which are illus 
trated in the accompanying draWings. Wherever possible, 
the same reference numbers Will be used throughout the 
draWings to refer to the same or like parts. 

[0032] 1. OvervieW re Verilog and Vera 

[0033] The present invention relates to the Vera Veri?ca 
tion System language from Systems Science Inc., Palo Alto, 
Calif. (Which is noW part of Synopsys, Inc., Mountain VieW, 
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Calif., USA), hereinafter referred to as the “Vera lan 
guage.” A comprehensive presentation of the Vera language, 
and its capabilities, is presented in the Vera User’s Manual 
Which is included in the present patent as a Micro?che 
Appendix. As part of the veri?cation process described 
above, a program Written in the Vera language models the 
environment of the DUT by producing the test data or 
signals to Which the DUT is subjected as Well as recording 
or analyZing the DUT’s responses. A Vera language model 
can be used to test any kind of DUT, provided that the 
appropriate interface is provided. Vera is primarily utiliZed, 
at present, With DUTs that are modeled in the Verilog HDL 
language (hereinafter referred to as the “Verilog language”) 
and are being executed on an event-driven simulator. HoW 
ever, a Vera model could be utiliZed With a DUT expressed 
in other languages and executed on other event-driven or 
cycle-driven simulators. For example, the DUT could be 
expressed in the VHDL language. The DUT Which the Vera 
language program is testing need not even be a softWare 
simulation. For example, the DUT to be tested could be 
emulated in hardWare, or could even be an actual integrated 
circuit. 

[0034] The primary usage of the Vera language, that being 
its usage in conjunction With an event-driven Verilog-mod 
eled DUT, interfaces and synchroniZes With a DUT as 
folloWs. This general topic of interfacing and synchroniZa 
tion is also discussed in the Micro?che Appendix, Chapter 
1. 

[0035] The Verilog simulator and the Vera simulator are 
both event-driven simulators that run in a synchroniZed 
fashion Which may be described as a very ef?cient form of 
co-simulation. The Verilog simulator executes a Verilog 
language model of the hardWare device under test (DUT) 
While the Vera simulator executes a Vera language model of 
the environment in Which the DUT is to be tested. As an 
environment simulator, the basic functionality of the Vera 
simulator is to stimulate the DUT by driving certain of its 
inputs and to monitor the resulting states of the DUT by 
sampling the values of its nodes. 

[0036] The Vera simulator implements the Vera language 
in the folloWing manner. The Vera language is a high-level 
obj ect-oriented programming language. Programs Written in 
the Vera language are ?rst compiled into loWer-level instruc 
tions in Vera assembly code. These Vera assembly code 
instructions are interpreted by the C or C++ routines Which 
comprise the Vera simulator. 

[0037] The co-simulation is started from the Verilog simu 
lator side since, according to the present embodiment, the 
Verilog simulator is the main program started by the user and 
the Vera simulator is a special application Which has been 
linked into Verilog through Verilog’s interface for the high 
level softWare-oriented programming languages of C or 
C++. The Verilog simulator may be any one of a variety of 
conventional Verilog simulators, such as VCS produced by 
Synopsys, Inc., or Verilog-XL produced by Cadence Design 
Systems of San Jose, Calif. At certain carefully controlled 
points in time, to be described in more detail beloW, the 
Verilog simulation is halted and the Vera simulation is run in 
a non-preemptive fashion. 

[0038] Speci?cally, the Verilog simulator has a program 
ming language interface (PLI) Which alloWs applications 
Written in C or C++ to communicate With the device under 
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test (DUT) as modeled in the hardWare-oriented language of 
Verilog. An example of such an application, that is Written 
in C or C++ is the Vera simulator. The PLI has the following 
speci?c features. It permits Verilog language procedures to 
call speci?c C or C++ procedures. It permits C or C++ 
procedures (such as those Which implement the Vera simu 
lator) to establish certain nodes of the Verilog model as 
“callback” nodes. Whenever a node in Verilog, marked as a 
callback node, changes in value a speci?c C or C++ proce 
dure or procedures are called. The PLI further permits C or 
C++ procedures to insert, at a speci?c time slot in the event 
queue of the Verilog simulator, a callback to a speci?c Vera 
procedure. In addition, the PLI provides functions through 
Which Vera language programs can both examine the value 
of certain nodes in the Verilog simulation and set the value 
of certain Verilog nodes. While PLI functions permit Vera to 
immediately examine the value of certain Verilog nodes, the 
setting of Verilog nodes becomes a scheduled event in 
Verilog Which is actually performed When Verilog is 
restarted. 

[0039] The speci?cs of the VerilogNera co-simulation, and 
its utiliZation of the PLI functions described above, are as 
folloWs. 

[0040] The Verilog language module ?rst started, When 
the user begins the Verilog simulation, is called “vshell.” 
vshell calls the Vera simulator procedure “vmc_init” through 
the PLI. vmc_init performs the folloWing ?ve major func 
tions: i) it loads the Vera assembly language program to be 
executed by the Vera simulator, ii) it sets up certain nodes of 
the Verilog model as callback nodes, iii) it creates a “master” 
context of level 0, Which We shall also refer to as “con 
text(0),” for the execution of the main Vera language pro 
gram, iv) it places context(0) on “the run queue” of the Vera 
simulator Which holds all Vera language contexts Waiting to 
be run and v) it calls “vera_main,” the main routine of the 
Vera simulator. The nodes Which vmc_init establishes as 
callback nodes in step (ii) are typically: i) the Verilog 
model’s Vera system clock, and ii) those clocks speci?ed by 
Vera language interface statements. 

[0041] The Vera interface statement is a programming 
construct by Which certain signals in the Vera model (Which 
We shall refer to as “data” signals) are connected to certain 
signals in the Verilog model (Which We shall also refer to as 
“data” signals), and the communication of information 
betWeen the tWo models is synchroniZed With a single signal 
of the Verilog model that is de?ned as the clock signal for 
that particular interface. A Vera language program may 
contain multiple interfaces and each interface may have a 
different signal selected as its clock. If an interface does not 
specify a clock, then the user designated default clock node 
(called the “Vera system cloc ”) is used. (The Vera system 
clock is a Verilog node that represents Vera’s system clock.) 
In addition to specifying a clock, the interface statement 
speci?es the particular edge (positive or negative) of the 
clock upon Which each data signal of the interface is to be 
driven or observed. In addition, the interface can specify a 
certain skeW time, before the selected edge of the interface’s 
clock, at Which each data signal is to be observed by Vera. 
The interface can also specify each data signal as being 
driven by Vera a certain skeW time after the selected edge of 
the interface’s clock. 

[0042] The direct call by vmc_init to vera_main, rather 
than starting the Verilog simulation, is necessary since there 
may be instructions in the Vera language program that 
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vera_main can execute before any clock events have 
occurred in the Verilog simulation. vera_main alWays begins 
by performing the folloWing tWo major operations: i) check 
ing the queue of contexts Waiting to be executed for any 
contexts Which, in light of the clock edge Which has just 
occurred to cause vera_main to be called, should noW be 
transferred to the run queue, and ii) running, in turn, each 
context on the run queue. 

[0043] At this early point in the co-simulation’s execution, 
the Wait queue Will be empty but the run queue Will have the 
main Vera language context, context(0), created by 
vmc_init. context(0) Will execute until it reaches a Vera 
construct Which requires a clock edge Which has not 
occurred yet. It is signi?cant to note that context(0) may fork 
off one or more sub-contexts, Which We shall refer to as 

context(l), context(2), . . . Each of these sub-contexts is also 
put on the run queue and executed until a clock edge, Which 
has not yet occurred, is required. As each context is executed 
as far as it can be, Without a further clock edge occurring, the 
context is moved from the run queue to the Wait queue With 
a notation as to the clock edge it requires before it can 
continue execution. When the run queue is ?nally empty of 
contexts to execute, vera_main returns control to vmc_init. 
vmc_init returns control to vshell and vshell starts the main 
Verilog language module that is modeling the DUT. 

[0044] The Verilog modules modeling the DUT execute 
until a change occurs to a clock node Which causes the 
calling of a callback procedure of Vera. The Vera system 
clock node preferably has its oWn ?rst callback procedure, 
independent of a second callback procedure shared by all 
other clock nodes as speci?ed in Vera interface statements. 
This separation into tWo callback procedures is done in order 
to improve the speed of callback processing. Each of these 
callback procedures, hoWever, operates as folloWs. First, the 
callback procedure determines Whether the clock edge 
Which caused the procedure to be called is of the right type 
(either positive or negative) for any data signal of any 
interface statement it serves as clock signal for. If the clock 
edge is of the right type for any data signal of any interface 
statement to Which the clock is connected as the clock of that 
interface statement, then the callback procedure inserts into 
the Verilog event queue, at the end of the current time step 
in Which the callback procedure Was called (and immedi 
ately before the folloWing the time step), a PLI call to 
vera_main Which also contains an indication of the Verilog 
clock signal Which changed, and the nature of the transition 
(positive or negative). The callback procedure then returns 
control to the Verilog modules simulating the DUT Which 
Will continue processing any events at the current time step 
of the Verilog event queue. Assuming that the callback 
procedure inserted a PLI call to vera_main, as soon as all 
events in the event queue at the current Verilog time step are 
exhausted, the inserted call to vera_main is executed. 

[0045] When vera_main is called, through a PLI call 
inserted in the Verilog event queue, the clock and transition 
it represents is checked against the contexts Waiting for a 
clock transition in the Wait queue. As discussed above for 
vera_main, it Will compare those contexts Which are Waiting 
to the particular clock transition Which produced this call 
and Will transfer to the run queue those contexts Which are 
noW satis?ed. Each context in the run queue is then executed 
until all contexts have been executed as far as they can 
Without a neW clock edge and are either: i) ?nished, or ii) 
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back on the Wait queue. If a skew has been speci?ed in the 
interface statement for data signals being used by a context, 
that skeW is accomplished during the running of the contexts 
as follows. Data signals Which are to be observed by Vera a 
certain skeW time before the clock edge are observed 
through a delay device at the time of the clock edge. Data 
signals Which are to be driven by Vera a certain skeW time 
after the clock edge are driven through a delay device at the 
time of the clock edge. Once the run queue is empty, control 
is returned to the Verilog simulation at the point just after the 
inserted PLI call to vera_main. 

[0046] While most Verilog/Vera communication is typi 
cally synchroniZed through interface statements as described 
above, there are tWo additional forms of synchroniZation: i) 
a Vera language speci?cation that the Verilog simulation call 
the Vera simulation at some particular point in time of the 
Verilog simulation, and ii) a Vera language speci?cation that 
the Verilog simulation call the Vera simulation upon a 
speci?ed asynchronous transition of a speci?ed signal, inde 
pendent of any other clock signal. Each of these tWo 
additional forms of synchroniZation is handled by an addi 
tional callback procedure, in addition to the tWo callback 
procedures discussed above. As With the callback proce 
dures discussed above, this division into tWo additional 
callback procedures is done in order to increase the speed of 
callback processing. Both of these tWo additional forms of 
VerilogNera synchroniZation are accomplished by having 
vmc_init perform some additional operations during step (ii) 
of the ?ve major vmc_init functions described above. With 
regard to each call to Vera at a Verilog time, vmc_int through 
the PLI inserts in the event queue of Verilog, at the appro 
priate point in time, a call to a third callback procedure 
Which is optimiZed for handling this type of callback situ 
ation. This third callback procedure inserts into the Verilog 
event queue, at the end of the time step in Which the third 
callback procedure Was called (and immediately before the 
folloWing the time step), a PLI call to vera_main Which also 
contains an indication of the time step at Which Verilog has 
arrived. The callback procedure then returns control to the 
Verilog modules simulating the DUT Which Will continue 
processing any events at the current time step of the Verilog 
event queue before the inserted call to vera_main is 
executed. vera_main Will then check the time passed to it 
against any contexts Which are Waiting for that time to occur 
before executing. vera_main Will continue executing various 
contexts until the run queue becomes empty, at Which point 
control is returned to the Verilog simulation at the point just 
after the inserted PLI call to vera main. With regard to the 
asynchronous Vera call, vmc_int through the PLI sets up 
these asynchronous nodes as calling a fourth callback pro 
cedure. This fourth callback procedure investigates Whether 
the transition Which has occurred is the one sought for by a 
particular Vera language statement and if so, inserts into the 
Verilog event queue, at the end of the time step in Which the 
fourth callback procedure Was called (and immediately 
before the folloWing the time step), a PLI call to vera_main 
Which also contains an indication of the node Which has 
changed and the transition type. The callback procedure then 
returns control to the Verilog modules simulating the DUT 
Which Will continue processing any events at the current 
time step of the Verilog event queue before the inserted call 
to vera_main is executed. vera_main Will then check the 
asynchronous transition indication passed to it against any 
contexts Which are Waiting for that transition to occur before 
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executing. vera_main Will continue executing various con 
texts until the run queue becomes empty, at Which point 
control is returned to the Verilog simulation at the point just 
after the inserted PLI call to vera_main. 

[0047] 2. Vera Language Programming and Adaptive Veri 
?cation 

[0048] Vera is a language Which supports a programming 
style knoWn as Object-Oriented Programming (or OOP). It 
is a programming language in Which classes, and hierarchies 
of classes, can be de?ned. A class de?nes both variables 
(also knoWn as properties) and methods Which operate upon 
those variables. Instances of a class are pointed to by handles 
and instances are created by functions knoWn as construc 
tors. These basic principles of OOP are Well-knoWn. HoW 
these principles operate Within the Vera language are dis 
cussed in the Micro?che Appendix. 

[0049] In particular, Chapter 8 introduces OOP in Vera, 
Which needs to be read in conjunction With the other 
Chapters describing the Vera language. For example, meth 
ods in Vera (also referred to as subroutines) are discussed in 
Section 4.6 of the Micro?che Appendix. In Vera, subroutines 
are of tWo types: functions (Which return a value) and tasks 
(Which do not return a value). The built-in data types, of 
Which variables can be declared, are covered in Chapter 3 of 
the Micro?che Appendix. FIG. 1 depicts the basic syntactic 
structure for a class de?nition. Note that elements of the 
de?nition surrounded by angle brackets (“<” and “>”) 
specify meta-variables Which are to be ?lled in With par 
ticular information of the type described betWeen the angle 
brackets. Elements of the de?nition surrounded by square 
brackets (“[” and “]”) are optional. Therefore, in FIG. 1, 
“extends” is only necessary if <class name> is a child class 
of some <parent class>. 

[0050] Among the capabilities Vera adds to the OOP 
approach are facilities for the generation of random data. 
One of these Vera capabilities, and its programming lan 
guage constructs, is discussed in Chapter 9 of the Micro?che 
Appendix entitled “Automated Stimulus Generation.” 
Within the class de?nition frameWork of FIG. 1, this addi 
tional capability augments the <variable declarations> and 
add a neW area of the class de?nition shoWn as <constraint 
blocks>. Such random data Would typically be used as 
stimulus for a DUT. 

[0051] Another capability Vera adds to OOP, for the 
generation of random data, is the Vera Stream Generator of 
Chapter 10, Micro?che Appendix. This capability involves 
the de?nition of “randseq” blocks Which are comprised of 
production rules Written in Backus Naur Form (BNF). 
Instead of using BNF rules to parse bottom-up, from a 
programmed speci?cation, the Vera Stream Generator runs 
such rules in reverse in order to generate test data. The 
branches of the production rules to pursue, in this top-doWn 
generation process, are determined randomly. 

[0052] In addition to the ability to generate test data, 
critical to any veri?cation language is the ability to monitor 
the values at certain nodes of the DUT at certain times. The 
ability to monitor is key for such activities as determining 
Whether the DUT is performing as expected, or for deter 
mining the extent to Which the DUT has been tested. The 
present invention adds to Vera capabilities in this crucial 
area of monitoring. Programming language constructs and 
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capabilities of the Vera language used to sample a DUT’s 
responses (as Well as to evaluate Whether the DUT is 
functioning correctly) are discussed in Chapters 4 and 11 of 
the Micro?che Appendix. Speci?cally, the present invention 
relates to the “Functional Coverage” facility of Chapter 11, 
Micro?che Appendix. 

[0053] The present invention comprises three main stages: 
Coverage De?nitions, as discussed in Section 11.2, Micro 
?che Appendix; Coverage Instantiation and Triggering, as 
discussed in Section 11.3, Micro?che Appendix; and Cov 
erage Feedback, as discussed in Section 11.4, Micro?che 
Appendix. Each of these stages is discussed, generally, 
beloW. 

[0054] A coverage de?nition is very similar to a class 
de?nition, Within OOP, but does not contain methods or 
variables. Instead, the basic purpose of a coverage de?nition 
is to declare “monitor bins” in terms of a state variable. 
Essentially, each monitor bin declaration has a unique bin 
name Which is associated With a particular behavior of the 
state variable. This behavior can either be the state variable 
being in a particular state, or the state variable transitioning 
betWeen a certain sequence of states. Whenever the state 
variable exhibits behavior that matches the particular behav 
ior speci?ed by a monitor bin declaration, that bin Will 
increment a counter dedicated to that bin. If the option is so 
selected, the matching of a bin can also be recorded as a “bin 
event” Which comprises an indication of the bin that Was 
matched and a time stamp as to When the matching occurred. 

[0055] Instantiation of a coverage de?nition produces a 
coverage instance, Which is pointed to by a handle. When 
instantiating a coverage de?nition, tWo key parameters are: 
an actual state variable that is to be monitored by the 
instance and a trigger expression Which determines When the 
state variable of the instance is to be monitored. Instantiating 
a coverage de?nition, as part of a test program’s thread of 
control, means that a concurrent, non-terminating, “cover 
age instance process” is also forked off. As long as at least 
one handle is pointing to the coverage instance, its coverage 
instance process Will continue. When there are no longer any 
references to a coverage instance, the coverage instance, and 
its coverage instance process, are automatically deallocated 
(or “garbage collected”). Until it is deallocated, the coverage 
instance process Will monitor, “in the background,” the 
value of the coverage instance’s state variable each time the 
coverage instance’s trigger expression is satis?ed. Mean 
While, “in the foreground,” the thread of control Which 
forked off the coverage instance process may continue to 
operate and can, for example, subject a DUT to stimuli. The 
DUT’s responses to such stimuli may be monitored by the 
coverage instance process. In particular, the coverage 
instance process Will increment counters (or store bin 
events) indicating bins of its coverage instance Which it 
determines have been matched by states of the speci?ed 
state variable occurring at the trigger-expression-speci?ed 
monitoring times. 

[0056] The same foreground thread of control subjecting 
the DUT to stimuli can also determine the resulting state of 
the coverage instance’s monitor bin counters With a “query” 
function. Using the “query_x” function, cross correlations 
betWeen multiple coverage instances can be found. Thus the 
query and query_x functions make possible “closed loop” 
testing since the same foreground thread of control can: i) 

Mar. 28, 2002 

instantiate a coverage instance that forks off an associated 
coverage instance process, ii) generate stimuli for a DUT 
Which Will cause the counters associated With the coverage 
instance’s monitor bins to be updated (or store bin events), 
iii) periodically query the contents of the coverage 
instance’s monitor bin counters (or bin events), and iv) alter 
the stimuli generated for the DUT based upon the results of 
the query. 

[0057] Each of these stages of coverage de?nition, cov 
erage instantiation and coverage feedback Will noW be 
discussed in greater detail. 

[0058] 2.1 Coverage De?nition 

[0059] The basic syntax for a coverage de?nition is shoWn 
in FIG. 2. <coverage class name> serves the same role as 
<class name> in a class de?nition. <de?nition state vari 
able> is a parameter name for specifying the type of moni 
toring Which is to be done When an actual state variable to 
be monitored is given as part of the coverage de?nition’s 
instantiation. <coverage declarations> are used to declare 
legal states, illegal states, legal transitions and illegal tran 
sitions Whose occurrence is to be monitored by being 
associated With bin names. The syntax and semantics of 
<coverage declarations> is described in Section 11.2.2, 
Micro?che Appendix. BeloW is discussed the general syntax 
and semantics for such declarations. 

[0060] The basic syntax for a state declaration is shoWn in 
FIG. 3. As can be seen, a state declaration consists of the 
folloWing four portions: i) the keyWord “state,” ii) the name 
of the bin to be updated by this declaration (<state bin 
name>), iii) a speci?cation of the state or states (<state 
speci?cation>) Which, When one of them matches the current 
state of <de?nition state variable>, Will cause the counter 
associated With <state bin name>to be updated and iv) an 
optional <conditional expression> Which, if speci?ed, must 
also be true, in addition to the <state speci?cation> matching 
the current state of <de?nition state variable>, in order for 
the counter associated With <state bin name> to be updated 
(or for a state declaration bin event to be recorded, as 
discussed further beloW). 

[0061] The speci?cation for illegal states is very similar to 
a state declaration. A major difference of an illegal state 
declaration (Which uses the keyWord “bad_state” rather than 
“state”) is that the <state speci?cation> can take the special 
keyWords “not state” Which match to any state of <de?nition 
state variable> Which has not been declared in a state 
declaration. This provides a convenient mechanism for 
monitoring any entry into illegal states. 

[0062] The basic syntax for a transition declaration is 
shoWn in FIG. 4. As can be seen, a transition declaration 
consists of the folloWing four portions: i) the keyWord 
“trans,” ii) the name of the bin to be updated by this 
declaration (“<trans bin name> ), iii) a speci?cation of the 
state transition or transitions (<state transitions> ) Which, 
When one of the transition sequences it speci?es is ?nally 
matched by the latest transition of <de?nition state vari 
able>, Will cause the bin <trans bin name> to be updated and 
iv) an optional <conditional expression> Which, if speci?ed, 
must also be true, in addition to the <state transitions> being 
matched by a sequence of <de?nition state variable>, in 
order for <trans bin name> to be updated (or for a transition 
declaration bin event to be recorded, as discussed further 

beloW). 
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[0063] The speci?cation for illegal transitions is very 
similar to a transition declaration. A major difference of an 
illegal transition declaration (Which uses the keyword 
“bad_trans” rather than “trans”) is that the <state transi 
tions> speci?cation can take the special keywords “not 
trans” Which match to any state transition Which has not 
been declared in a transition declaration. This provides a 
convenient mechanism for monitoring any occurrence of 
illegal transitions. 

[0064] The <measure of coverage> and <coverage goal> 
portions of a coverage de?nition are discussed beloW, in 
conjunction With a discussion of coverage feedback. 

[0065] “coverage_option” alloWs the speci?cation of the 
options LO, HI or CROSS_TRANS. LO speci?es that the 
counters associated With each monitor bin are to be incre 
mented upon a coverage declaration (state, bad_state, trans 
or bad_trans) being matched. This is the default form of 
coverage instance monitoring and is described above. The 
HI option speci?es that not only Will the counters associated 
With each monitor bin be incremented, upon a coverage 
declaration being matched as occurs With a LO option, but 
that each matching of a state declaration Will be recorded as 
a “bin event.” A bin event comprises both an indication of 
a state declaration having been matched and a time stamp 
indicating the simulation time at Which the matching 
occurred. A time stamp, as de?ned in the present patent, is 
preferably speci?ed in terms of the ?nest time ticks (such 
?nest time ticks knoWn as “ticksiZe” in the simulator art) by 
Which the simulation time is measured. The HI option 
speci?es that only bin events relating to state declarations be 
recorded. If CROSS_TRANS is speci?ed in conjunction 
With HI (by use of the “+” or “|” operators), then any 
matching of a transition declaration is also recorded as a bin 
event. As With a state declaration, a transition declaration bin 
event comprises both an indication of the transition decla 
ration matched and a time stamp indicating the simulation 
time at Which the last transition in the transition sequence 
occurred. 

[0066] 2.2 Coverage Instantiation 

[0067] The basic syntax for coverage instantiation is 
shoWn in FIG. 5. It comprises the six folloWing main parts: 
i) a speci?cation of the coverage de?nition (<coverage class 
name>) to be instantiated, ii) a speci?cation of the handle for 
pointing to the instance (<coverage handle name>), iii) an 
assignment operator (“=”), iv) an invocation of the “neW 
cov” constructor function, v) a speci?cation of the variable 
to be monitored by the coverage instance (<instance state 
variable>), and vi) a speci?cation of the expression 
(<instance trigger>) to be used for triggering monitoring of 
<instance state variable> by the coverage instance. Note that 
parts i) and ii) may be done as one step, in Which a handle 
of the type required by the coverage de?nition is created, 
Without having that handle point to an instance. Parts ii) 
through vi) are then done as a second step in Which an actual 
coverage instance is created by the “neWcov” and it is 
assigned to the previously created handle. 

[0068] The <instance state variable> can actually be a 
general Vera language expression, rather than just a variable, 
so long as it evaluates to a value Which can then be matched 
to the appropriate state declarations or transition declara 
tions. 
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[0069] The <instance trigger> can be any one of the 
folloWing. 

[0070] It can be a synchroniZation operator, per Section 
4.4.1, Micro?che Appendix. If Vera is being operated in 
conjunction With Verilog, then the synchroniZation operator 
can specify any clock or data signal of a Vera language 
interface statement. In this case, the clock, or the clock 
associated With the speci?ed data signal (by virtue of the 
data signal’s interface statement), is used to trigger moni 
toring of <instance state variable> by the coverage instance 
pointed to by <coverage handle name>. If Vera is being 
operated in stand-alone mode, then a “clock,” generated by 
Vera itself, can be used in conjunction With the synchroni 
Zation operator. 

[0071] The <instance trigger> can also be changes to a 
Vera language variable With the “Wait_var()” construct of 
Section 6.1.1.2, Micro?che Appendix. Generally, the Wait 
_var function “blocks” (i.e., stops the How of control) until 
the Vera language variable it speci?es has changed in value. 

[0072] Finally, the <instance trigger> can be the occur 
rence of a Vera language de?ned “event” Which We shall 
refer to as a “Vera language event.” Vera language events are 
discussed in Section 6.2 of the Micro?che Appendix. Gen 
erally, there is a special Vera language data type “event” 
used for de?ning Vera language event variables that are set 
by one process With a “trigger” function. Another process 
then detects the setting With a “sync()” function. The 
<instance trigger> uses the sync() function. 

[0073] 2.3 Coverage Feedback 

[0074] The “query” method is called according to the 
syntax of FIG. 6. Its syntax is covered in detail in Section 
11.4, Micro?che Appendix. It permits accessing the data 
stored in the counters associated With the monitor bins of a 
coverage instance. The “query” method can be called in tWo 
main Ways: i) at any point in a Vera language program, 
Where it is appropriate to call a method, the syntax shoWn in 
FIG. 7 may be used, or ii) Within the <conditional expres 
sion> of a coverage declaration the syntax of FIG. 6 may be 
used since its application to the “this” handle is implied. The 
implied “this” handle points to the coverage instance of 
Which the <conditional expression> making the query call is 
a part. The <query command> portion of the query method 
call can be as folloWs. 

[0075] Specifying NUM_BIN for <query command> 
counts the number of bins of the coverage instance. <query 
bin type> can be used to limit the counting to any one, or all 

of, STATE, BAD_STAT E, TRANS, or BAD_TRANS. Other 
optional additional arguments With NUM_BIN are: <query 
bin pattern>, <query operand>, and <query hit>. <query bin 
pattern> is any regular Perl expression Which the user can 
program to match the names of a desired subset of state or 
transition declaration monitor bin names (eg <state bin 
name>, an illegal state bin name, <trans bin name> or an 

illegal transition bin names). <query operand> can be any 
one of GT (greater than), GE (greater than or equal), LT (less 
than), LE (less than or equal), EQ (equal to) or NE (not equal 
to). <query hit> speci?es a number of counter hits to Which 
the queried bins are compared using <query operand>. In 
other Words, only bins Whose counters stand in relation 
<query operand> With respect to <query hit> are selected as 
being the subject of the query. 
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[0076] Specifying SUM for <query command> operates 
the same as NUM_BIN, except that rather than returning a 
count of the number of monitor bins Whose counters meet 
the requisite quali?cations, the sum of the counters Which 
meet the requisite quali?cations is returned. 

[0077] Specifying FIRST for <query command> operates 
the same as SUM, except that rather than returning a sum of 
the counters Which meet the requisite quali?cations, the 
count of the counter for the ?rst monitor bin Which meets the 
requisite quali?cations is returned. 

[0078] Specifying NEXT for <query command> operates 
the same as FIRST, except that rather than returning the 
count of the counter for the ?rst monitor bin Which meets the 
requisite quali?cations, the count of the counter for the next 
monitor bin (in the sequence started by the last use of 
FIRST) is returned. 

[0079] Specifying GOAL for <query command> returns a 
“1” if <coverage goal> (of coverage de?nition) has been 
satis?ed and a “0” otherWise. <coverage goal> speci?es a 
percentage betWeen 0 and 100. <measure of coverage> (of 
coverage de?nition) is an expression Which determines the 
percentage of monitor bin counters that satisfy a particular 
requisite quali?cation With respect to some speci?ed popu 
lation of monitor bin counters. GOAL causes <coverage 
goal> to be compared to <measure of coverage>, and if 
<measure of coverage> is greater than or equal to <coverage 
goal>, then the <coverage goal> has been satis?ed and a “1” 
is returned. 

[0080] The default form of <measure of coverage> is 
shoWn in FIG. 8. This default expression determines the 
percentage of bin counters With a count greater than Zero 
With respect to the population of all bin counters (declared 
by a state or transition declaration). In general, the Vera 
language programmer can specify any expression of the 
form shoWn in FIG. 9. The <query command>’s in the 
query’s of FIG. 9, should be either NUM_BIN or SUM. 

[0081] The “query_x” function, shoWn in FIG. 10, deter 
mines cross correlation information betWeen tWo or more 
coverage instances passed to it. It is discussed in Section 3.4 
of this patent. 

[0082] The “coverage” function is shoWn in FIG. 12, 
Which can ?nd cross correlation betWeen tWo or more 

coverage instances passed to it. It is discussed in Section 3.4 
of this patent. 

[0083] 2.4 Stimulus Generation For Closed Loop Testing 

[0084] As discussed above, the query and query_x func 
tions make possible “closed loop” testing since the same 
foreground thread of control can: i) instantiate a coverage 
instance (or instances) that forks off an associated coverage 
instance process (or processes), ii) generate stimuli for a 
DUT Which Will cause the counters associated With the 
coverage instance’s monitor bins to be updated (or store bin 
events), iii) periodically query the contents of the coverage 
instance’s monitor bin counters (or bin events), and iv) alter 
the stimuli generated for the DUT based upon the results of 
the query. 

[0085] The overall process by Which closed loop testing is 
achieved is depicted in FIG. 13. First, coverage de?nitions 
are de?ned With “coverage_def.” Step 1301. This is accom 
plished by a Vera language programmer actually Writing a 
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Vera language program and then compiling it. The rest of the 
steps of FIG. 13 are accomplished at “run time” When the 
Vera simulator is running. Next, coverage instances (and 
their coverage instance processes) are created With the 
“neWcov” function. Step 1302. These coverage instance 
processes monitor the DUT. These ?rst tWo steps are pre 
patory to the actual closed loop process. In Step 1303 a 
generator is utiliZed to subject the DUT to stimuli. The 
DUT’s responses to the stimuli are implicitly monitored by 
the coverage instance processes. The responses of the DUT 
are gathered by the query functions. Step 1304. The results 
of the query are then evaluated. Step 1305. If the testing 
goals have been satis?ed, then testing ends. If not, hoWever, 
then the stimulus generator may be adaptively adjusted, 
based upon the results of the query. Step 1306. With the 
stimulus generator having been adjusted, it is once again 
commanded to generate more stimuli for the DUT. Step 
1303. Eventually, the process of adjusting the stimulus 
generator is intended to ?nally achieve the testing goals such 
that the loop Will end. 

[0086] Of assistance to the accomplishment of Steps 1303 
and 1306 of this closed loop process is a stimulus generator 
Whose output can be conveniently adjusted. 

[0087] One such generator is provided by the random 
stimulus facilities discussed in Chapter 9 “Automated 
Stimulus Generation,” Micro?che Appendix. 

[0088] Another such generator is provided by the produc 
tion-based facilities discussed in Chapter 10 Vera Stream 
Generator,” Micro?che Appendix. The Vera Stream Genera 
tor provides for the de?nition of “randseq” blocks. Arandseq 
block is a Vera language programming statement that is 
executed Whenever encountered in the course of a Vera 
program’s normal How of control. Within a randseq block a 
grammar of production rules in Backus Naur Form is 
de?ned. When a randseq block is executed, it begins at a 
production, indicated as the start production, and proceeds 
doWn the grammar hierarchy (as opposed to conventional 
programming language parsing Which proceeds upWards 
from the loWest level lexical tokens) in order to eventually 
generate the loWest level “lexical tokens.” Where there is a 
choice as to Which path doWn the hierarchy to take, a path 
is chosen randomly. The “lexical tokens” of a randseq 
grammar are generated by attaching “actions” to the perfor 
mance of a production. These actions can use virtually any 
Vera language programming constructs in order to generate 
data necessary to exercise the DUT. Thus far it has been 
described hoW the Vera Stream Generator can implement a 
generator in accordance With step ii) of the above closed 
loop process. Step iv) of the closed-loop process is accom 
plished by the ability to have “Weights” attached to the 
randseq productions. Where there is a choice as to Which 
path doWn the hierarchy to take, the randomly chosen path 
is in?uenced by the Weights assigned to a production. These 
Weights can be changed, under program control, prior to the 
execution of the randseq block. Therefore, in response to a 
query or query_x of a coverage instance (or instances), the 
closed-loop process can adjust the production Weights and 
re-execute the randseq block (or blocks) With the likelihood 
that different data Will be sent to the DUT. 
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[0089] 3. Coverage Instance Implementation 

[0090] 3.1 Instantiation and Triggering 

[0091] In terms of the Verilog/Vera interfacing and syn 
chroniZation, described above in Section 1 of this patent, 
coverage instantiation operates as follows. 

[0092] When a context, call it context(X), reaches a cov 
erage instantiation statement (i.e., a “neWcov” function), 
While being processed by vera_main on the run queue, the 
folloWing happens. Acontext for the coverage instance, call 
it context(X_coveragel), is forked off and put on the run 
queue for execution after context(X). The “context” created 
for the coverage instance is simply another terminology for 
referring to the “coverage instance process” discussed 
above. The “context” terminology is intended to folloW, 
more uniformly, the terminology of the discussion in Section 
1 of this patent. When context(X_coveragel) is run it 
determines the context-triggering event needed by its 
<instance trigger>, as speci?ed in the instantiation, and 
vera_main moves context(X_coveragel) to the Wait queue. 
It Waits there for its context-triggering event in the same 
manner as any non-coverage context. 

[0093] The execution of the “neWcov” function also cre 
ates the actual “coverage instance,” referred to by its asso 
ciated With context(X_coveragel). This coverage instance 
contains a Wide arrange of information necessary for pro 
cessing the instance. For example, the coverage instance 
contains the bin counter variables. Another example of 
information contained in the coverage instance are the data 
structures (discussed beloW in Section 3.2 of this patent) for 
organiZing the linear or hierarchical search of coverage 
declarations When a value of the <instance state variable> is 
to be matched to a <state speci?cation> or <state transi 
tions>. The coverage instance also keeps the ?le pointer to 
the ?le Where its bin events are stored. In addition, the 
coverage instance stores <measure of coverage>, <coverage 
goal>, and coverage option. The coverage instance contains 
a reference to its de?ning “coverage_def.” The values of the 
<instance state variable>, as it is sampled according to the 
<instance trigger>, are stored in the coverage instance. The 
coverage instance also contains the values of any <optional 
args> passed to it, as of the time of instantiation With 
neWcov, and the name of the original handle to Which the 
coverage instance Was assigned When instantiated. The 
coverage instance does contain a reference to its context(X_ 
coveragel), permitting deletion of its context When the 
coverage instance is deallocated. As mentioned above, the 
context(X_coveragel) refers to the coverage instance and it 
is the context(X_coveragel) Which controls the execution of 
the code Which performs updating of the bin counters or the 
Writing of bin events. 

[0094] In the case of a Vera language variable change 
acting as a coverage context trigger, a context-triggering 
event is created as folloWs. The instantiation of a contex 
t(X_coveragel) that includes a “Wait_var” function as its 
<instance trigger> causes the variables speci?ed by Wait_var 
to be monitored. After this instantiation, suppose there is 
running a non-coverage instance context(Z) Which causes a 
variable, that is a parameter of the Wait_var <instance 
trigger>, to change. This change produces a Vera language 
“Wait_var event” Which is held in an “event holding area.” 
Events in the event holding area cause Waiting contexts to be 
triggered as discussed beloW. 
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[0095] In the case of a co-simulation With Verilog, the 
coverage and non-coverage instance contexts are triggered 
as folloWs. The folloWing description begins from the point 
in time Where the Verilog simulation is executing and the 
Vera simulation is suspended. 

[0096] While Verilog is executing, vera_main is sus 
pended and its run queue is empty. When a change occurs to 
a clock node Which causes the calling of a Vera callback 
procedure, vera_main is called (as discussed in Section 1 
above) and it determines Which contexts, on the Wait queue, 
are triggered by this Verilog clock edge. In general, there are 
Y contexts moved from the Wait queue to the run queue. As 
discussed above, each of these Y contexts executes as far as 
it can go until another context-triggering event is required, 
at Which point it is moved back to the Wait queue. Also as 
discussed above, each of these Y contexts may fork off 
additional contexts Which are capable of being executed 
immediately. Such additional contexts shall be referred to as 
“intra-run queue forks” and are placed in the run queue for 
execution after the forking context. As discussed above in 
Section 1, all these contexts (Whether transferred to the run 
queue because of a Verilog clock edge or because of an 
intra-run queue fork) Will execute until they require another 
context-triggering event, at Which point they Will be trans 
ferred back to the Wait queue. Once all of these contexts 
have ?nished executing, the run queue Will again become 
empty. Let use assume that the Y contexts triggered a total 
of X additional contexts (through intra-run queue forks) 
before the run queue became empty again. The total number 
of contexts Which have been run, therefore, as a result of the 
last Verilog clock node change, is X+Y Which We shall call 
M. 

[0097] According to the discussion in Section 1 above, 
once these M contexts have ?nished executing, vera_main 
Would return control to the Verilog simulation. HoWever, 
these M contexts may have generated “intra-Vera language 
events” (such as a Vera language variable, being monitored 
by the Wait_var function, changing value, or a Vera language 
event occurring because of the “trigger” function). Such 
intra-Vera language events are held in an event holding area. 
Once the M contexts have ?nished executing, vera_main 
determines Which of the contexts on the Wait queue are 
triggered by these intra-Vera language events and moves 
them to the run queue. We Will de?ne as Y2 the number of 
contexts triggered by these intra-Vera language events. 
These contexts, just like the Y contexts triggered by a 
Verilog clock node, may themselves cause intra-run queue 
forks. We Will de?ne as X2 the number of intra-run queue 
forks triggered by the Y2 contexts. Thus the total number of 
contexts run, either directly triggered by intra-Vera language 
events, or indirectly by their intra-run queue forks, is 
Y2+X2=M2. Once these M2 contexts have ?nished running, 
vera_main Will iteratively re-examine Whether any addi 
tional contexts on the Wait queue may noW be triggered by 
any intra-Vera language events produced by the M2 con 
texts. 

[0098] These iterations, of ?nding all Waiting contexts 
triggered by a Verilog clock edge, or by intra-Vera language 
events, and then running them until the run queue is empty 
again, is referred to as an intra-Vera language sub-cycle. 
Certain intra-Vera language events Will persist across intra 
Vera language sub-cycles, While others Will not. Some 
intra-Vera language events can even persist across Verilog 
clock edges. The extent of persistence is determined by the 
semantics desired at the Vera language level. 
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[0099] Through the entire process described above, 
including from the time When Y contexts are initially trig 
gered by a Verilog clock, it must be noted that the following 
special processing is done When the context to be executed 
is a coverage instance context. Before each context is 
executed, but after it has been placed on the run queue, a test 
is made to determine Whether the context is a coverage 
instance context. If it is, then rather than executing the 
context, it is moved from the run queue to a coverage queue. 
Processing then continues With the next context on the run 
queue. 

[0100] Eventually, after the completion of a certain num 
ber of intra-Vera language sub-cycles, there Will either be no 
intra-Vera language events caused by that intra-Vera lan 
guage sub-cycle, or there Will be no Waiting contexts trig 
gered by those intra-Vera language events. 

[0101] In either case, the only contexts vera_rnain Will still 
have to execute, before returning control to the Verilog 
sirnulation, Will be those coverage contexts it has placed on 
the coverage queue throughout the various intra-Vera lan 
guage sub-cycles. At this point, vera_rnain rnoves all of the 
coverage instance contexts on the coverage queue to the run 

queue. vera_rnain iteratively executes each coverage 
instance context, as described in Section 3.2 beloW, until a 
context-triggering event is once again needed and the con 
text is then put back on the Wait queue. Once all the coverage 
instance contexts have been run, vera_rnain then returns 
control to the Verilog sirnulation. 

[0102] If the Vera simulation is operating in stand-alone 
mode, then in the point of the above description Where both 
the run queue and the coverage queue are empty (i.e., all 
possible intra-Vera language sub-cycles have been executed 
and the coverage queue has been completely processed) 
vera_rnain Would generate its oWn “clock edge.” 

[0103] Having the coverage contexts execute last provides 
a predictable standard around Which the testing designer can 
construct tests such that the desired observations are made. 
If the coverage context is simply monitoring a stopped 
Verilog sirnulation, then the fact of its execution as the last 
context in response to a context triggering event is not 
relevant. HoWever, if the coverage context is monitoring 
other contexts, then the order of the coverage context’s 
execution does effect the values rnonitored. 

[0104] For example, rather than having a coverage object 
triggering directly upon a Verilog model, it may be desirable 
to have another Vera language procedure monitor the Verilog 
model. This Vera language procedure could monitor, for 
example, for a very complex sequence of actions by the 
Verilog model before the Vera language procedure Would set 
some intra-Vera language event such as a Vera language 
event or a Wait_var event. The coverage object Would then 
trigger upon this intra-Vera language event. 

[0105] Another example is several Vera-language contexts 
and a coverage context each triggering off the same context 
triggering event and therefore all being on the run queue at 
the same time. Each of the several Vera-language contexts 
incrernent a global variable “i,” While the coverage context 
monitors the value of global variable “i.” If the coverage 
context did not execute last, the value of “i” it rnonitors 
Would be different depending upon When the coverage 
context’s execution is interspersed With the execution of the 
several Vera-language contexts. 
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[0106] 3.2 Execution of Coverage Instance 

[0107] Execution of a coverage instance’s context(X_cov 
erage1) causes searches to be performed through the cov 
erage declarations Which have been de?ned. These searches 
look for any coverage declarations that should be performed 
due to their states or state transitions matching the value of 
<instance state variable> as of the last occurrence of 
<instance trigger> (as Well as, of course, any <conditional 
expression> being executed and found to evaluate to 
TRUE). 
[0108] The coverage declarations are divided according to 
the four types (state, bad_state, trans and bad_trans decla 
rations) and each of these types are searched separately. 

[0109] Each search of a type of declaration rnay itself 
consist of up to tWo searches, With one of the searches being 
linear and the other hierarchical. Any declarations Which are 
“complex” are placed in a linear (or sequential) structure for 
searching. If there are four or more “simple” declarations, 
then the simple declarations are placed in a hierarchical 
structure for searching. If there are less than four sirnple 
declarations, then the simple declarations are placed in the 
same linear structure used for complex declarations. 

[0110] A state declaration’s or a bad_state declaration’s 
<state speci?cation> is simple if it consists of just a single 
Vera expression Which evaluates to a single value. If a <state 
speci?cation> is not simple, then it is complex. 

[0111] A trans declaration’s or a bad_trans declaration’s 
<state transitions> is simple if the folloWing three conditions 
are true: i) it consists of only one state sequence, ii) the 
sequence has only tWo states and iii) both of the states are 
simple according to the de?nition just given above for a 
simple <state speci?cation>. If a <state transitions> speci 
?cation is not simple, then it is complex. 

[0112] As a further optimization of the search process, 
certain kinds of overlap betWeen coverage declarations are 
checked for at instantiation tirne. Speci?cally, overlap 
betWeen coverage declarations of the same type is checked 
for. If no overlap is found, then the coverage instance 
process is able to immediately end its search through the 
coverage declarations, of each of these four declaration 
types, as soon as it ?nds one coverage declaration that is 
matched. This is permissible since this type of no-overlap 
means that only one coverage declaration, of a particular 
type, can be matched by any one state or state transition. 

[0113] During the execution of a coverage instance con 
text(X_coverage1), for each coverage declaration Which it 
determines is matched, it Will update its associated counter. 
These counters are essentially unsigned integer variables of 
the coverage instance in the same Way as integer variables 
comprise an ordinary OOP instance. If the appropriate 
coverage option is set, then in addition to incrernenting its 
associated counter, each rnatched coverage declaration also 
records a bin event. As discussed above, a bin event corn 
prises both an indication of the monitor bin matched and a 
time stamp With the simulation time at Which the matching 
occurred. An actual bin event is composed of three pieces of 
information: a handle to identify the monitor bin matched, 
the type of the monitor bin matched and a time stamp. The 
“handle” of a bin event is simply a unique identi?er for the 
<state bin narne> or <trans bin narne> rnatched. A handle is 
more storage efficient than storing the actual bin name. The 



US 2002/0038447 A1 

type of the monitor bin is either “state” or “trans” since bin 
events are not stored for bad_state or bad_trans. The bin 
events of each coverage instance are Written in chronologi 
cal order to its oWn ?le. 

[0114] 3.3 Querving of Coverage Instance 

[0115] Querying of a coverage context, Which We shall 
refer to as context(X_coverage1), by a context containing a 
query statement, Which We shall refer to as context(Q), 
proceeds as folloWs. context(Q), once on the run queue, 
accesses the relevant data storage areas of context(X_cov 
erage1), With context(X_coverage1) acting, from the per 
spective of context(Q), as a static database. There is no 
execution of any of the methods associated With context(X 
_coverage1) as a result of it being accessed by context(Q). 
This situation is true even if context(Q) and context(X_cov 
erage1) are both triggered by the same context triggering 
event. In this case, since context(X_coverage1) is executed 
after context(Q), the data of context(X_coverage1) Which is 
vieWed by context(Q) is the data in context(X_coverage1) 
after the last context triggering event occurred to trigger 
context(X_coverage1). By de?nition, context(X_coverage1) 
Will be updated as a result of the context triggering event 
after context(Q) has made its query. 

[0116] context(X_coverage1) and context(Q) can be the 
same context, in the case Where the <conditional expres 
sion> of a coverage declaration contains a query method call 
of the form shoWn in FIG. 6 and discussed above. We shall 
refer to the particular coverage declaration containing the 
query method call as “coverage declaration X.” No <cov 
erage handle name> needs to be speci?ed, since it is 
implicitly a method call upon the current coverage instance 
itself (also knoWn as a “this” handle, see Micro?che Appen 
dix, Section 8.7). If the query is being made of the bin 
counter associated With the coverage declaration X itself, 
then the value returned by query is based upon the un 
updated value of the bin counter. If the query is being made 
of the bin counter associated With some other coverage 
declaration than coverage declaration X, then it is indeter 
minate Whether the value utiliZed by query is based upon the 
updated or un-updated value of the bin counter. A query 
Within the context for a particular coverage instance cannot 
reference any bin counters associated With any other cov 
erage instance. 

[0117] 3.4 Cross Coverage Determinations 

[0118] Cross coverage determinations examine cross cor 
relations betWeen coverage instances. In particular, they 
examine cross correlations betWeen the bin events of mul 
tiple coverage instances. 

[0119] A coverage instance X_1 is considered to be “in” a 
particular state declaration bin S_1 from the time stamp of 
a bin event indicating the state declaration bin name S_1, 
until the time increment immediately before (one “ticksiZe” 
before) the next state declaration bin event for X_1 indicat 
ing a state declaration bin name other than S_1. 

[0120] A coverage instance X_1 is considered to be “in” a 
particular transition declaration bin T_1 from the time stamp 
of a bin event indicating the transition declaration bin name 
T_1, until the time increment immediately before (one 
“ticksiZe” before) the next transition declaration bin event 
for X_1 indicating a transition declaration bin name other 
than T_1. 
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[0121] More generically, a coverage instance X_1 is “in” 
a declaration bin When it is either in a state declaration bin, 
as de?ned above, or a transition declaration bin, as de?ned 
above. 

[0122] Having de?ned When a coverage instance is “in” a 
declaration bin, it is noW possible to de?ne “cross correla 
tion.” Assume a coverage instance X_1 is in a declaration 
bin B_1, for a time period D_1, Where B_1 is either a state 
or transition declaration bin. Assume a coverage instance 

X_2 is in a declaration bin B_2, for a time period D_2, Where 
B_2 is either a state or transition declaration bin. D_1 and 
D_2 are each composed of tWo values: a start time and a stop 
time, as described above. The fact of coverage instance X_1 
being in bin B_1 is cross correlated With the fact of coverage 
instance X_2 being in bin B_2 if time periods D_1 and D_2 
have an overlap of at least one smallest time tick (Wherein 
the smallest time tick is of siZe “ticksiZe”). Note that the 
“query_x” function, discussed beloW, does not count, as a 
valid cross-correlation combination, the case Where cover 
age instance X_1 and coverage instance X_2 are both in 
transition declaration bins. More generally, query_x requires 
that every combination of declaration bins must include at 
least one state declaration bin. 

[0123] 3.4.1 Query x Function 

[0124] The “query_x” function, shoWn in FIG. 10, deter 
mines cross correlation information betWeen tWo or more 

coverage instances passed to it. The type of cross correlation 
information determined is controlled by parameter <query_x 
param>, While a list of tWo or more handles to the coverage 
instances to be cross analyZed is passed as parameter <que 
ry_x handles to coverage instances>. 

[0125] If <query_x param> is MAX_COM, then <query_x 
return value> is an integer representing the maximum num 
ber of possible combinations bins Which the coverage 
instances passed to query_x may be “in” at the same time. 
More speci?cally, the value returned by MAX_COM is as 
folloWs. Consider an invocation of query_x With n coverage 
instances passed to it, Where i is a particular instance among 
the n. Each coverage instance i has a number of state monitor 
bins, represented by state_binsi, and a number of transition 
monitor bins, represented by trans_binsi. MAX_COM is 
then determined by the folloWing equation: 

MAX_COM =(state_bins1+trans_bins1+1)><(state 
_bins2+trans_bins2+1)><. . . (state_binsn+trans_binsn+ 
1) —trans_bins1><trans_bins2><. . . trans_binsn 

[0126] In the above MAX _COM equation it is important 
to note that for any coverage instance i, if the coverage 
option CROSS_TRANS is not speci?ed, then the value for 
trans_binsi is Zero. The addition of one extra “monitor bin” 
per summation term, in the above formula, corresponds to 
the “UNKNOWN” (see beloW) initial state of each coverage 
instance before the ?rst <instance trigger> occurs. Note that 
since bin events are not stored for bad_state or bad_trans 
declarations, they do not effect cross correlation determina 
tions. 

[0127] If <query_x param> is NUM_DET, then <query_x 
return value> is an integer representing the total number of 
combinations that have actually occurred While the coverage 
instances passed to query_x have been monitoring. NUM_ 
DET is determined as folloWs. 
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[0128] Each of the n coverage instances, passed to que 
ry_X, has its oWn ?le, called a “bin event ?le,” Where the 
monitor bin events each instance has detected are stored in 
chronological order. query_X proceeds through all of the n 
?les in a breadth-?rst, chronological fashion (to be described 
in greater detail beloW), detecting cross-correlations 
betWeen the coverage instances and storing each of these 
combinations in a “combinations_hash_table.” Each entry in 
the combinations_hash_table represents a unique combina 
tion. In general, if a combination among the instances is 
detected multiple times, for each time it appears it is simply 
stored into the combinations_hash_table once. A single, 
complete scan is then made of the combinations_hash_table 
to determine the total number of unique combinations Which 
has occurred and this is returned as the NUM_DET value. 

[0129] If <query_X param> is PERCENT, then <query_X 
return value> is an integer representing 100 times NUM_ 
DET/MAX_COM. 
[0130] query_X detects cross correlations across n bin 
event ?les as folloWs. The folloWing steps are also shoWn in 
FIG. 14. 

[0131] Any bin event ?le, among the n bin event ?les, 
shall be referred to as “bin event ?le i,” Where 1 ii; n. Each 
bin event ?le i has a current_events_listi and a neX 
t_events_listi. All n current_events_lists are initialiZed to 
contain a special event “UNKNOWN.” All n neX 

t_events_lists are initialiZed to be empty. Each bin event ?le 
i has a “?le _pointeri” pointing to a particular bin event. Each 
?leipointeri is initialiZed to point to the ?rst bin event in its 
bin event ?le. See initialiZations of Step 1401, FIG. 14. 

[0132] For each bin event ?le i, read the bin event pointed 
to by its ?le _pointeri, and all successive bin events in the 
?le, until reaching either: i) the ?rst bin event Whose time 
stamp is greater (greater, that is, than the time stamp of the 
?rst bin event read When the read began), or ii) the end of 
?le. Step 1402, FIG. 14. All of the bin events read, for each 
bin event ?le i, eXcept the last bin event Which is at the 
greater time stamp, are placed in its I1€XI_6V6I1IS_l1SIi. Step 
1403. 

[0133] From the set of n neXt_events_lists, a subset is 
identi?ed of all those neXt_event_lists Whose bin events all 
occur at the earliest, and identical, time stamp time. Step 
1404. This subset is referred to as the “neXt_earliest_events” 
subset. 

[0134] For each current_events_listi, replace its contents 
With the contents of neXt_events_listi if the neXt_events_listi 
is a member of the next13 _earliest_events subset. Step 1405. 
Note that this leaves as unchanged each current_events_listi 
Whose corresponding neXt_events_listi is not a member of 
the neXt_earliest_events subset. 

[0135] The set of n current_events_lists noW contain bin 
events Which are cross correlated With each other. Every 
combination that can be generated, by selecting one bin 
event from each of the current_events_lists, is produced. 
Step 1406. Note that any selection from each of the cur 
rent_events_lists produces a valid combination, provided 
that every combination has at least one state declaration bin 
event selected. Each such combination is Written into the 
combinations_hash_table as discussed above. Note also that 
if at least any one of the current_events_lists still contains 
the initial event of value of UNKNOWN, then all combi 
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nations With this special UNKNOWN event are considered 
valid cross-correlations and are Written to the combinations_ 

hash_table. 
[0136] Having found all the cross-correlations of Which 
the bin events of neXt_earliest_events may be a part, every 
I16XI_6V6I1IS_l1SIiWh1Ch is a member of neXt_earliest_events 
is reset to be empty. Step 1407. 

[0137] If every ?le _pointeri points to the end of its ?le i, 
rather than to a bin event, then all cross-correlations have 
been found. Step 1408. OtherWise, for each ?le _pointeri 
corresponding to a member of the neXt_earliest_events 
subset and not pointing to the end of ?le, read the bin event 
pointed to by its ?le _pointeri, and all successive bin events 
in the ?le, until reaching either: i) the ?rst bin event Whose 
time stamp is greater (greater, that is, than the time stamp of 
the ?rst bin event read When the read began), or ii) the end 
of ?le. Step 1409. All of the bin events read, for each bin 
event ?le i, eXcept the last bin event Which is at the greater 
time stamp, are placed in I1€XI_6V6I1IS_l1SIi. Step 1410. 

[0138] Go back to the step Where neXt_earliest_events 
subset is identi?ed from among the n neXt_event_lists. Step 
1411. 

[0139] 3.4.1 Coverage Cross Function 

[0140] The “coverage” function, With the CROSS com 
mand (Which We refer to as the “coverage cross” function), 
is shoWn in FIG. 12 and is described in the Micro?che 
Appendix at Section 11.5. This function is similar to que 
ry_X in the sense that it also takes a list of tWo or more 
handles to coverage instances and determines cross corre 
lation information from them. The coverage instance 
handles are speci?ed to the coverage cross function by the 
parameter <coverage cross handles to coverage instances>. 
The output of coverage cross, unlike query_X, is a report to 
a ?le speci?ed by the <coverage cross output ?le>. The 
coverage cross function operates in a similar manner to 
query_X and produces similar cross correlation information. 
The coverage cross function processes the bin event ?les of 
the coverage instances passed to it and produces a report 
listing each combination detected and the number of times 
each such combination occurred. As With query_X, coverage 
cross also determines the maXimum number of possible 
combinations and the percentage of actual combinations 
Which have occurred relative to this maXimum number. 

[0141] 4. HardWare Environment 

[0142] Typically, the veri?cation architecture of the 
present invention is eXecuted Within the computing envi 
ronment (or data processing system) such as that of FIG. 11. 
FIG. 11 depicts a Workstation computer 1100 comprising a 
Central Processing Unit (CPU) 1101 (or other appropriate 
processor or processors) and a memory 1102. Memory 1102 
has a portion of its memory in Which is stored the softWare 
tools and data of the present invention. While memory 1103 
is depicted as a single region, those of ordinary skill in the 
art Will appreciate that, in fact, such softWare may be 
distributed over several memory regions or several comput 
ers. Furthermore, depending upon the computer’s memory 
organiZation (such as virtual memory), memory 1102 may 
comprise several types of memory (including cache, random 
access memory, hard disk and netWorked ?le server). Com 
puter 1100 is typically equipped With a display monitor 
1105, a mouse pointing device 1104 and a keyboard 1106 to 
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provide interactivity between the software of the present 
invention and the chip designer. Computer 1100 also 
includes a way of reading computer readable instructions 
from a computer readable medium 1107, via a medium 
reader 1108, into the memory 1102. Computer 1100 also 
includes a way of reading computer readable instructions via 
the Internet (or other network) through network interface 
1109. 

[0143] While the invention has been described in conjunc 
tion with speci?c embodiments, it is evident that many 
alternatives, modi?cations and variations will be apparent to 
those skilled in the art in light of the foregoing description. 
Accordingly, it is intended to embrace all such alternatives, 
modi?cations and variations as fall within the spirit and 
scope of the appended claims and equivalents. 

What is claimed is: 
1. A method for monitoring a device under test, compris 

ing the steps performed by a data processing system of: 

forking off a ?rst coverage instance process for monitor 
ing a device under test; 
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applying a stimulus to a ?rst input of the device under test; 
and 

monitoring, with the ?rst coverage instance process, a ?rst 
output of the device under test. 

2. A method for monitoring a device under test, compris 
ing the steps performed by a data processing system of: 

forking off a ?rst coverage instance process for monitor 
ing a device under test; 

applying a stimulus to a ?rst input of the device under test; 

monitoring, with the ?rst coverage instance process, a ?rst 
output of the device under test; and 

querying a ?rst collection of data of the ?rst coverage 
instance process. 

3. The method of claim 3, further comprising the step of: 

applying a second stimulus to the device under test in 
response to a result of the querying of the ?rst collec 
tion of data. 


