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ABSTRACT

C++ based verification methodologies are now emerging gxthe
ferred method for SOC design. However most of the verificatio
involving the C++ models are simulation based. The chadenfy
using C++ for sequential equivalence checking comes frooretsy
pects (1) Language constructs such as pointers, polynssrphir-
tual methods, dynamic memory allocation, dynamic loop loisun
floating points pose difficulty in creating a model suitatdedquiv-
alence checking (2) The memory and runtime required forticrga
models suitable for equivalence checking from practicar @e-
signs is huge.

In this paper we describe techniques for constructing eatifin
models from C++ designs containing a very rich set of languag
constructs. The flow is built keeping in mind that formal noeth
are inherently capacity constrained but need to be appli¢arge
C++ designs to have practical value.

Categories and Subject Descriptors
B.6.3 LOGIC DESIGN ]: Design Aids—Verification

General Terms
Design, Verification

Keywords

Formal Verification, C++, Pointers, Dynamic Memory Alloicat,
Equivalence Checking

1. INTRODUCTION

The necessity to compress the design cycle and develop soft-
ware concurrently with hardware is driving the methodoladyere
a golden C++ model is created for the SOC. Apart from hardware
software co-design, the C++ model acts as an executabldispec
tion to the hardware to be designed and helps in exploringwsr
design options for the hardware. Hence it is of immense value
prove that the designed hardware is equivalent to the gdliden
model for all inputs of interest. Since the set of all inputsm
terest is very large, a practical approach is to intellieahoose
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a set of test vectors to accomplish the goal. However, ustag s
quential equivalence checking techniques, one can indseerta
that the golden C++ model and the hardware implementatioit fo
are equivalent for all inputs. In cases where exact equicalés
not of interest, other properties could be proven which twald for
both the golden C++ model and the implemented hardware. The
problem lies in handling real life C++ models. The C++ golden
models are written with two objectives in mind 1) fast sintigia
speed and 2) flexibility to explore multiple architecturd3ue to
these objectives, C++ models typically have heavy usageiotp
ers, dynamic memory allocation, polymorphism and floatiamp
computations. All of these pose difficulty in applying forntech-
nigues which have been developed for hardware descriptiais
lack these language constructs. Further, applicationrafdbtech-
niques to the entire C++ model in one go is not practical begau
of capacity constraints.

We solve this problem in a stepwise fashion by applying divid
and conquer. The first step is the construction of a conceié-v
cation model. The reason we refer to it as a concrete modedts t
it represents the exact functionality of the input C++ desibhis is
to differentiate from abstract verification models [1] win&re sim-
plified models of the C++ design. The concrete verificatiordeio
is essentially a finite state machine which represents trengt++
design in a bit-accurate and cycle-accurate manner. Siyifar
the given revised design, which could be another C++ degigmo
RTL implementation of the C++ design, we synthesize a firidtes
machine. We then try to locate possible intermediate etpricas
between the two state machines through techniques othefdha
mal verification. Finally formal techniques are used in atodled
manner to prove or disprove the equivalences. Note thatvwbe t
models given for comparison can be either C++ designs or RTL,
leading to a variety of applications for the whole verificatflow.

In this paper we will only focus on the construction of theténi
state machine from C++ designs. We will not be discussing the
details of the rest of the verification flow. However, to dissthe
experiments and results we will be using the complete etgrica
checking setup in some cases.

The rest of the paper is organized as follows : Section 2 garve
related work and describes our contributions in that cant€ec-
tion 3 describes the details of constructing the verificativodel
from C++. Section 4 describes some experimental resulmifet
by conclusions in Section 5.

2. RELATED WORK AND SUMMARY OF
CONTRIBUTIONS

Our techniques are related to work done in three separatks fiel
- formal verification, behavioral synthesis and compilealgsis.
Our main contribution is in building a framework that is chjga



of taking real life C++ programs and applying equivalenceath

on them. To the best of our knowledge we are not aware of any

equivalence checking framework that is capable of handimigt-
ers without any restrictions, dynamic memory allocatiaslymor-
phism, virtual methods, function pointers and floating pairith-
metic. Next we discuss some of the proximities to these fiaidbs
our extensions and differences with the known techniques.

2.1 Pointer Synthesis

While constructing the concrete verification model, we bgnt
size a state machine from the given C++ design. Behavioral sy
thesis or high level synthesis also constructs a state madétim a
given C++ design. So there are similarities between our vaoik
behavioral synthesis. However, the objective of behal/gymathe-
sis is to optimize the resulting finite state machine for atieaing
and power. Our goal is to optimize the state machine for werifi
tion purposes. The difference in optimization criteriade#o dif-
ferent techniques being adopted. Specifically, synthagointers
and complex datastructures in C++ has been dealt in [2]. Bhé g

done in [3] in the following unique ways.

1. We have adapted pointer range analysis to construct opti-
mized verification models from C++. Specifically, the infor-
mation from pointer ranges are used to construct expression
for pointer reads and writes. All array accesses are handled
as pointer accesses as well.

2. We use discrete pointer ranges instead of continuousguoin
ranges. For example, given an ariay[1024, we can rep-
resent pointer ranges @%7,48), a(100,210),a(718 850),
where(7,48),(100,210), (718 850) are discrete ranges. In
continuous range representation, the same informatidn wil
be approximated aa(7,850). As a result we have higher
accuracy while computing the points-to sets.

3. We have augmented the pointer range analysis with the con-
cept of index translation table and function table as diseds
later in the Sections 3.6 and 3.7. This allows us to perform
pointer range analysis in the presence of polymorphic point

in behavioral synthesis is to map different arrays and ttriacdif- ers, dynamic_cast> and function pointers.

ferent memories such that parallelism is maximized. Candide

. rate 2.3 Pointer Expression Substitution
pointer dereference example in Figure 1.

Our overall verification flow can be compared to the flow de-
scribed in [4]. However, there are important differencensen [4]
and our approach in handling the C++ language. In partictdar
handle pointers in C in [4], a bottom up back substitutionqfres-
sions is done. As a result, each pointer dereference mantaite
duplicate a large part of the expressions. Also back suitistit
of expressions in the presence of complex structures liketst,
structs containing pointer arrays etc. becomes very compled

cint * optr;

. int a[10], b[10], result;
; ptr =cond ? a +8 : b+9;
;result = *ptr;

s wN R

Figure 1: Pointer dereference example

To synthesizexptr at line 4, it is necessary to know that the
points-to set optr can potentially includa andb. Points-to set for : C J !
a pointer refers to the set of locations that the pointer caergially is not described in [4]. In our approach, the expressionzadly
point to during the execution of the C++ design. For synthesi ~ Presentin the C++ design are leveraged. As a result no atilic
andb need to be mapped to the same memory, or logic needs to©f €xpressions is introduced by the tool. Also we are ableatuife
be generated to access two memories. However, it is notseges ~ datastructures of arbitrary complexity and polymorphimpers.

to distinguish between the individual elementsacéndb during ; ; ++
behavioral synthesis as it does not impact the memory atagiss 2.4 Static Error.Checklng ]_cor C ) )
A novel use of semi-formal techniques applied to C++ is de-

significantly. To make an impact on the memory layout itsallf, L MOV : S .

memory accesses toandb will have to be proven orthogonal, and ~ Scribed in [S]. In [5] pointer range analysis is used to irgesper-
information about a single access is not of much use. In chse o {i€s about the C++ design. The properties are representedis
verification, the situation is different. In the verificatimodel the ~ Of relationships between the variables of the C++ design.u# c
pointer dereference qftr has to be modeled as a possible access oM solver is then used to detect possible out-of-rangesaesen
over all the locationsgtr could point to. Representing the pointer ~ the design. The similarity to our framework is in the heavg oé

dereference logic as a disjunction of conjunctions, we have pointer range analysis to detect properties of the C++ desig
[5], the range representation can accommodate symboliedsoas
result= ((ptr ==a+8) Aa[8]) v ((ptr == b+9) Ab[9])

well. Hence the range information in [5] is more precise tban
framework where only numerical bounds are supported. Hewev
[5] completely relies on the range information gatherecfwort er-
rors. Hence the complexity of symbolic bounds for rangese8 w
justified. In our framework, we rely on the pointer range mfia-

tion to optimize the verification model generated. Formathuds

are later used on the constructed model to detect prope&gethe
model generated in [5] is abstract, but the range analysd is
stronger compared to ours. We construct a precise modeleof th
C++ design, using a weaker range analysis. This seems to work
well for C++ designs that are modeling hardware, whereass[5]
targeted toward software. In hardware the interest is iatlng
precise bugs for relatively smaller models. In software gbal

is to scale to large models and be conservative in reportirgyse
These constraints lead to further differences in how the @asign

is treated in [5] and in our framework. In [5] loops are notalted

and functions are not inlined. Instead a depth first searamef
dataflow graph is used to explore the C++ design. In our frame-
work we statically unroll all loops and inline all functioss we

are interested in the complete functionality of the C++ glesi

If we didn’t distinguish between individual elements of treay,
then the expression would contain 20 terms. As a consequmce
pointer analysis distinguishes between single elemerntweddrray.
Our analysis also distinguishes between individual membgre-
cursive datastructures such as class and struct. Sinceithis-po
set information in our case can be very large, we represent th
terms of pointer ranges instead of the location sets use].in [

Another difference between behavioral synthesis and eundr
work is in the handling of loops. Typically in behavioral $iyesis,
loops are synthesized as state machines. However whiléraois
ing a verification model, we cannot model loops as state mashi
because the verification model has to be cycle accurate G-the
design. If loops are modeled as state machines, the loop dgetdy
sequentialized, and the verification model then takes mioek c
cycles to compute the same output compared to the C++ design.

2.2 Pointer Range Analysis

As mentioned in the previous section, we use pointer rangk an
ysis to compute points-to sets. For this we have extendedahie



2.5 Symbolic Simulation

The native interpretation of the C++ datatypes are numeldgv-
ever, by converting the interpretation of the datatypessynabolic
representation, such as BDDs, it is possible to construcodein
which represents the functionality of the C++ design forpals-
sible inputs. A very comprehensive overview of this techeids
presented in [6]. Our verification model is also functiopgliecise
with respect to the C++ design for all possible inputs. Thénma
difference is that models constructed by symbolic simatatis-
ing BDDs are canonical, whereas our verification models ate n
As a result, the model constructed by symbolic simulatiam loa
directly used for equivalence checking. In our framewoukitHer
effort is required to apply equivalence checking on the nsden-
structed. Thus the verification model construction processthe
overall flow is simpler in [6]. However, it is more exposed ket
memory and runtime limitations of formal methods as BDDs are
constructed for the entire C++ design in one go. By first qoiest
ing a memory efficient non-canonical model and deferringare
plication of formal methods, we have more control over thaime
and memory limitations of formal techniques.

3. CONSTRUCTION OF FINITE STATE MA-
CHINE

In this section we describe the details of constructing &efistate
machine from the input C++ design. Specifically we descrilye o
unique contributions towards handling constructs likenpeis, dy-
namic memory allocation, loops, polymorphism, functiompers,
virtual methods and floating points.

3.1 Handling Pointers

For the given C++ design, all the variables can be mapped to a
memory. Thisincludes scalars, arrays as well as complestiat-
tures such as classes and structs. Pointers can then besyath
as indices into this memory. However, in the verification elpd
each variable access then translates to an access to thigneain
memory. The complexity of verification is directly relateathe
number of possible locations accessed for each read or. \ilitite
simplistic approach therefore is the worst case scenarerevbach
read in the C++ code gets modeled as a potential read of all the
variables. The main focus of our pointer handling framewisrk
to compute very accurate points-to sets so that the logidatkt
represent pointer accesses in the verification model isnnimeid.
Details of our pointer synthesis framework :

1. Initialize the range of all inputs to their numeric rangEsr
example, an input of unsigned char type will be initialized
to the range (0,255) whereas an input of int type will be ini-
tialized to the range (-2147483648, 2147483647). Sinyilarl
ranges of an array are initialized by initializing the rarafe
each array element. Pointer inputs and outputs are not al-
lowed at the topmost level as they have to be bound to some
memory for the C++ design to be considered self contained.

. The range of any constant at any point is the constant value
itself. For example, the constant 10 will be represented by
the range (10,10).

. A separate logical memory is constructed for each vagiabl
of fundamental C++ datatype. For example, a variable de-
clared asnt x will be modeled as a memory namedvith a
single location. A variable declared i array[128 will be
modeled as a memory named array with 128 locations.

. A separate logical memory is constructed for each complex
C++ datatype. For example, if the C++ design has a type de-
fined asclass MyClassthen a logical memory dedicated to

the typeMyClassis constructed. Each location of this mem-
ory refers to an instantiation dflyClassin the C++ design.

. Pointers are then assigned ranges based on the logical-mem
ries constructed for the fundamental and complex datatypes
This in effect transforms the semantics of the pointers. The
pointers in the C++ design refer to memory locations of the
virtual memory. However, in our framework they are trans-
formed to indices into the logical memories constructed.

. At each statement of the C++ design, the operations of the
variables are performed as operations on their associatges.

. At conditional statements, the conditions are evalubteed
on range arithmetic. Depending on result of the condition
evaluation, one or multiple branches are visited. At the end
of processing branches of a conditional statement, theegalu
assigned in the different branches are conservatively exerg

. After range analysis is done for the complete C++ design,
the pointer datatypes are converted to integers. All assign
ments to pointers are converted to appropriate integexinde
assignments. All reads and writes done using pointers are
converted to accesses to the logical memories. The pointers
which are now converted to indices into the logical memory
point to the desired location for read/write.

For example, consider the C++ code snippet shown in Figure 2.

voi d design_top(unsigned char idx) {
/* idx is initialized to (0,255) */
int a[512], b[1024];
/* a and b are mapped to separate nenories */
int * pl, * p2;
/* pl and p2 are mapped to separate nenories*/
pl =a +idx;
/* plis assigned a(0,255) */
p2 =b +idx + 10;
/* p2 is assigned b(10,265) */
X =7pl;
/* Potential read over a[0] to a[255] */
*p2 = x;
/* Potential wite to b[10] to b[265] */

Figure 2: Pointer range computation

Using the pointer range arithmetic described in [7], we cam-c
pute that the read usingl can potentially access{0] to a[255.
As a result, we can model the read as a mux whose select branch
selects froma[Q] througha[255. Note the size of the mux would
have been much larger if a straightforward memory model 8615
locations was used to modekndb, or even if read t@ was mod-
eled as a potential access to 512 locations. The transfocods
after pointer range analysis and conversion of pointersdizes is
shown in Figure 3.

3.2 Handling Conditional Pointers

To maintain as small a points-to set as possible, each Variab
of fundamental datatype is mapped to a separate logical memo
However, if a pointer can potentially point to multiple \alles
which gets decided dynamically, then the logical memoestich
variables are combined. To achieve this, during compileetan
graph is maintained where each node represents a variabledge
is added between two nodes if a pointer can potentially pmint
both the variables. In the end connected components of tafhg
are computed and each connected component is mapped to a sin-
gle logical memory. For example, consider the C++ code stipp

shown in Figure 4. .
Normally, a,b,c andd would be mapped to separate memories

and all reads and writes would be disjoint. However, dueeatn-
ditional pointer accessea,b andc get mapped to a single memory.



voi d desi gn_top(unsigned char idx) {
int a_nen{512], b_nen{1024];
/* a_memand b_nmemare the |ogical nenories */
int pl, p2;
/* pl and p2 are converted to integers */
pl =10 +idx; /* arefers to Oth location of a_mem*/
p2 =0 +idx + 10; /* b refers to Oth location of b_nmem*/
switch(pl)/* Potential read over a_menf0-255]*/ {
case 0 : x = a_nmen{0]; break;

case 255 : x = a_nen{ 255]; break;

}
switch(p2)/* Potential wite to b[10-265] */ {
case 10 : b_men{0] = x; break;

;:ase 265 : b_meni 265] = x; break;
}

}

Figure 3: Pointers to Index Transformation

voi d design_top(bool condl, bool cond2) {
int a[4],b[8],c[4],d[16];
/* Graph initialized to ({a},{b},{c},{d}) */
int * pl, * p2, * p3;
pl = b;
/* Graph remains ({a},{b},{c}, {d}) */
p2 = condl ? a : c;
/* Gaph becones ({a,c},{b},{d}) */
p3 =cond2 ?b: a
/* Graph becomes (
int x = *p2;

{a, c, b}, {d}) *|

}

Figure 4: Connected Components Computation for Condi-
tional Pointer Assignment : At each stage we depict the state
of the graph where nodes within form a connected component.

Lets assume, b andc are mapped to a common logical memory
abc_menjl€], wherea starts aabc_meni0], b starts aabc_menf4]
andc starts atabc menj12. Example in Figure 4 is then trans-
formed to Figure 5.

voi d desi gn_top(bool condl, bool cond2) {
int abc_nen{ 16], d_nen{ 16] ;

int pl,p2,p3;

pl = 4

/* bis offset 4 into abc_mem*/

p2 = condl ? 0 : 12;

/* ais offset 0 and ¢ is offset 12 */
p3 =cond2 ? 4 : 0O

switch(p2)/* p2 was conputed abc_nen(0, 12)*/ {
case 0 : x = abc_men{0]; break;

Ease 12 : x = abc_nen{ 12] ; br eak;
}

}

Figure 5: Construction of Combined Memory for Connected
Components

Note that forp2 the range is conservatively computed to be (0,12)
when the range (1,11) is actually infeasible. This problem e
alleviated in part using discrete ranges instead of coatisuanges
which we discuss next.

3.3 Discrete Range Computation

voi d design_top(unsigned char idx) {
int ndinf256][256];/*mpped to ndi m nen{ 65536] */
int * ptrl, * ptr2;
ptrl = ndin{128][idx];
/* ptrl range is ndi mnen(32768, 33024) */
ptr2 = ndinfidx][128];
/* ptr2 range is mdi mnem 0, 65408) */

Figure 6: Suboptimal Continuous Ranges

/1 i’s range is determned to be (0, 127)
while( i >0 ) {

/1 Loop body

i--;

}

/1 Loop unrolling transformation
if(i >0) {
/1 1oop body
-
}
while(i--) // i’'s range beconmes (-1,126) {
/1 1oop body

Figure 7: Loop unrolling

use discrete ranges at selected places. Using discretestaig
range ofptr2 will be computed asndim men{0,128...,32640.
Operations on discrete ranges are considerably more cgirtijza
the simple continuous ranges. Hence discrete ranges atenbe
at places where the extra overhead is expected to payoff.

3.4 Handling Dynamic Memory Allocation

Dynamic allocation usingrallod) as well aseware supported.
Each dynamic memory allocation is translated into a statiaya
declaration. The name of the static array is internally gzteel,
while datatype and number of elements are inferred fnoah o )
or newarguments. In case the number of elements is dynamically
decided, the maximum of the range computed for number of ele-
ments is used. For example, consider a call suclalodN =
sizeofint)), where range oN is computed to be (0,127). This
malloc call is treated as an array declaration of typewith 128
locations. In cases where the memory requirement for dycediyi
allocated memory exceeds a predefined upper limit, the noaatel
struction is aborted. The predefined upper limit can be otiatt
by the user.

3.5 Handling Dynamic Loop Bounds

All loops are unrolled while constructing the verificatiorodel.
To unroll loops we apply the transformation shown in Figure-7
peatedly, until the loop condition is evaluated to falsednyge anal-

sis.
Y After 128 iterationsi's range is (-127,0) for which > 0O test
returns false and the loop terminates. Note that normalyafio
variables defined inside an if-else construct we merge theesa
conservatively. So for the variablewe should merge the ranges
(0,127) and (-1,126) at the end of the first if-else, whictd&eto

The use of continuous ranges can sometimes lead to very subop the range (-1, 127). Consequently at the end of 128 itersitithe

timal points-to set computations. This is particularly tase in the
presence of multi-dimensional arrays. Consider the examgtig-
ure 6. Assuming a row major mappingmfimto its logical mem-
ory mdim memmdini0][0] gets mapped tmdim memo0], mdim1}[0]
gets mapped tmdim menj25§ etc.

Due to the row major layout aindim the range computed for
ptr2 is very suboptimal. If a column major layout is chosen then
the suboptimality will shift toptrl. To alleviate the situation, we

range conservatively would be (-127, 127) and the loop veller
terminate. To solve the situation, we notice that while Umg the
second iteration, we can assume that the first iteration st
been executed. As a result, we consider the value definetkitis
if-else branch directly, instead of considering the valbéamed
by merging the values dfalong the different control branches. In

cases where a loop does not terminate within a predefined uppe

limit on the number of iterations, construction of the veafion



model is aborted. The predefined upper limit on unrollechitens
can be controlled by the user.

3.6 Handling Polymorphism

As described in Section 3.1, for each pointer in the C++ agsig
we compute the points-to set at each access point. The goints
sets are then used to construct the verification model. Tdlban
polymorphism, we need the ability to translate the poibtsdt of
a certain type to its base and derived types. To accomplisiwi
introduce the idea of index translation tables. Conceftuladiex
translation tables are lookup tables that are defined foremdipe,
called the source type, and its base or derived types calkethtget
type. The size of the lookup table is given by the instancabef
source type in the C++ design. Each instance of the soureeisyp
associated with a particular entry of the lookup table. Tdoklp
table gives the index corresponding to the target type liflvalse
returns an invalid number to indicate null. Consider exanipl
Figure 8.

/1 (A) : Gven type definitions and instances
/1 of the types

Cl ass Base{};

Cass M: Base{};
Cass N : Base{}

M nml; N nl; Base b; M n2;

/1 (B) : Each instance of a type is associated
/1 with an index nunber via the |ogical nmenory.

Base[ 0] : nil::Base
Base[ 1] : nl::Base
Base[2] : b
Base[ 3] : nR::Base
MO] : nl

M1] @ nm

N O] : ni

/1 (C) : The index translation table fromBase

Il type to Mtype is shown. On the left the index

/1 of Base is nentioned, and on the right the corresponding
/1 translated index of Mis shown.

| TT_Base_to_MO] : 0

| TT_Base_to_M1] : -invalid-
| TT_Base_to_M2] : -invalid-
I TT_Base_to_M3] : 1

/1 (D) : A sinple C++ code using dynam c_cast
Base * bptr;

/1..operate on bptr

M* nptr = dynam c_cast<M*>(bptr);

/1 (E) : dynam c_cast<> are converted to index
/1 index translation table | ookups in the verification
/1 nodel constructed.

int bptr;
/'l operator on bptr
int nptr = | TT_Base_to_Mbptr];

Figure 8: Example showing polymorphism handling

There are three types defined, cl&sse and then derived from
it are clasaM and clasd\N. A snapshot of the logical memories for
BaseM andN is shown in Figure 8(B). The index translation table
for Baseto M is shown in Figure 8(C). Note that corresponding to
index 1 and 2, the index translation table has invalid estifédis is
becauséBasel] corresponds tal’s Base andBasé2] refers tob.
None of these are related k. In Figure 8(D) we show a sample
code and in Figure 8(E) the translated code is shown. Note tha
by indexing into the index translation table, an index toltiggcal
memory corresponding tBaseis converted to an index into the

/1 (A) : Sanple code using function pointers
int incr(int i) { returni+l; }
int decr(int i) { returni-1; }

int (* fptr) (int i);
fptr = cond ? incr :
y =*fptr( x );

/1 (B) : Table which maps functions to integer donain

decr;

incr : 0
decr : 1

/1 (C) : Synthesizing function pointers based to integer ranges

fptr = cond ? 0 : 1;

switch( fptr) {
case 0 :
case 1 :

( x); break;
( x );break;

Figure 9: Example showing function pointer handling

logical memory forM.

3.7 Handling Function Pointers

Function pointers are also handled using pointer rangeysisal
A table of functions present in the C++ design is created.t@hke
maps each function to a unique integer. Pointer ranges far-fu
tion pointers are then constructed using the table of fanstias a
reference. Example in Figure 9 illustrates the concept.

3.8 Handling Virtual Methods

C++ compilers implement virtual functions using the coriaap
virtual method tables [7]. We also keep similar information
each class with virtual methods. Further all methods arepexdp
to the table of functions described in the last section whitbws
method accesses to be treated as function pointer accegacht
method lookup instance, the virtual table is indexed to rdeitee
the correct method pointer. The method pointer is then aeces
just like a regular function, with the invoking context setthis.
The pointer range computed for the invoking expressiomasllos
to trim down the virtual table indexing performed to lookupet
correct method.

3.9 Handling Floating Points

Most of the verification backend can handle bit and bitvector
datatypes. C++ datatypes such as int, long, char, bool ¢deal
converted to bitvectors. However, floats and doubles capeali-
rectly converted to bitvectors. As a result floating poinéigtions
pose a major obstacle in applying formal techniques to g+
code. To solve this problem we have adapted the softfloariibr
[8] to be integrated automatically with a given C++ desigrheT
softfloat library provides a way to model all floating pointeog-
tions in terms of integer arithmetic. The basic steps arelésfs.

o All float and double variables are translated to datatypes pr
vided by the floating point library.

o All operations of float and double are converted to function
calls by appropriately looking up the floating point library
and hooking up the correct function.

¢ All floating point constants are recomputed as bitvectors ap
propriate for the floating point library.

¢ All typecasts involving floating point are converted to type
casts to the datatypes provided by the floating point library

This preprocessing removes all floating point datatypes fiwe
input C++ program while maintaining functional equivalenc



4. EXPERIMENTAL RESULTS

In this section we focus on two sets of experiments. The first
set of experiments presents results on constructing thcagion
models in isolation. These experiments are done to asedttai
quality of the verification models constructed. The verifma
models are dependent on the complexity of the given C++ desig
We take the product of runtime and memory of the C++ design as
an indication of its complexity. This is compared against size
of the verification model constructed. The size of the veatfan
model is determined from the number of nodes in the verificati
model and their relative complexity. Also to determine tlegfqr-
mance of the model construction process, we present the rgemo
and runtime consumed in constructing the verification madél
brief description of the C++ designs : 1) Armulator is openrse
ARM instruction simulator 2) SimpleScalar is a processodeio
from UW Madison 3) Huffman is an adaptive Huffman encoder
4) ADPCM is an adaptive pulse code modulation codec 5) FIR is
a floating point model for a 128 tap finite impulse responserfilt
The results are presented in Table 1.

C++ Designs| Sim Runtime Size of Build Build
X Sim Memory models time | memory

(secs X MB) (1000 gates)| (secs)| (MB)

Armulator 5323 35672 779 507
SimpleScalar 955 14340 663 264
IDCT 534 7728 79 165
Huffman 467 771 73 216
ADPCM 272 797 25 45
FIR 264 37733 425 168

Table 1: Verification model construction

As it can be seen, sizes of the verification models are roughly
correlated to the complexity of C++ designs as defined by thd-p
uct of simulation time and simulation memory. This is to be ex
pected as the verification model represents an unrolled efethe
C++ design. In this context the anomaly between Huffman and
ADPCM is hard to explain. Looking deeper reveals that ADPCM
does lot more computation, whereas huffman is relativedy spin
computation. The computations do not effect the simulation
time as much as memory access and conditional statememseHe
the relative complexity of ADPCM comes out lower. However, i
the verification model, the complex operations of ADPCM domi
nate the gate count. This is further confirmed by the fact tiat
build runtime and memory of ADPCM correlates with the design
complexity, but due to the gate count being dominated byelarg
operators, the model size is relatively larger. The exta@ss-
ing needed for floating point designs is the reason FIR istaki
relatively larger time to build compared to its complexi#ys we
expand each floating point operation to multiple integeratens,
the logical gate count is also significantly more for FIR camgul
to its design complexity.

The second set of experiments are done with the complete-equi
alence checking flow. We take the C++ designs used in Table 1 an
create a buggy copy of the designs. We then use the equigalenc
checking setup to detect the bug. No clear trends can beudettl
from the data due to complex nature of the falsification pss@d
multitude of methods used. Predicting the behavior of théfive
cation backend and drawing meaningful correlations with@h+
design remains a challenging task. This is because it ilifi
to predict from the verification model what will be the big tis
cles for the verification backend. However, this data doesige
an indication of the gross runtimes and memory complexitshef
verification process. The results are presented in Table 2.

The final set of experiments is done with the C++ - RTL equiv-
alence checking flow. The results are presented in Table & Th

C++ Designs | Falsification Runtime (secs) Falsification Memory (MB)
Armulator 1860 547
SimpleScalar 1333 298
IDCT 189 192
Huffman 147 354
ADPCM 45 45
FIR 1036 293

Table 2: Verification flow results for C++ vs C++

complexity of the designs are measured in terms of the gatetco
of the RTL designs. The data is not suitable for drawing ganer
conclusions. However the data gives representative figarean-
time and memory for the size of RTL blocks that we are curyentl
able to handle with ease.

Designs RTL gate count| Runtime | Memory | Outcome
(1000 gates) (secs) (MB)

Filter 121 41 46 Falsified
Encryption 21 116 231 Proven
Filter2 58 81 245 Proven
Comm 7 990 275 Proven
Comm?2 19 2828 1107 Falsified
Video 85 1425 963 Proven

Table 3: Verification flow results for C++ vs RTL

5. CONCLUSION

Sequential equivalence checking of C++ designs is a new con-
cept. Our work extends the frontiers of sequential equiade
checking by making it applicable to real life C++ designs.afyn
sis of C++ programs and sequential equivalence checkinpders
well researched and a rich treasure of techniques is pred@at
have adapted some of the techniques to sequential equieatbeck-
ing of C++. However the capacity limitations of formal medso
will demand that more such techniques must be adapted or ex-
tended, while inventing new ones concurrently. Hopefuhig till
be an active area of research in the near future.
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