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Abstra
tCompiler optimizations are an integral part of all the modern 
ompilers. Current
ompiler optimizations show a 
onsiderable improvement in spa
e and time require-ments of a program. Optimizations reorder the exe
ution of the statements anda�e
ts the ability to debug optimized 
ode.Sour
e-level debuggers allow the value of a variable to be 
hanged at debug time.Optimizations a�e
t the ability of the debugger to 
hange the value of a variableat debug time. We studied how optimizations a�e
t the ability of the debuggerto 
hange the value of a variable at debug time. We proposed and implemented aframework for over
oming the perturbations 
aused by optimizations, for 
hangingthe value of a variable at debug time.
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Chapter 1Introdu
tionCompiler optimizations are an integral part of all the modern 
ompilers. Currenttrends in pro
essor design are towards an in
reasing relian
e on 
ompiler transforma-tions to a
hieve high performan
e. In modern pro
essors many resour
es like largeregister �les, instru
tion level parallelism and memory hierar
hy are exposed to the
ompiler. Compiler uses all these resour
es optimally to realize a higher performan
eof the pro
essor. Current 
ompiler optimizations show 
onsiderable improvement inspa
e and time requirements of a program, for
ing the software produ
t developersto release their produ
t after performing optimizations.However, optimizations reorder, eliminate and dupli
ate 
ode. Therefore, sour
elevel debuggers working with optimized 
ode 
annot mimi
 behaviour of the originalunoptimized program. The perturbations 
aused by the optimizations prevent mostsour
e-level debuggers from providing support for debugging optimized 
ode. Thetraditional ways of designing produ
tion 
ode is to �rst test and debug the unopti-mized 
ode and then optimize the 
ode to get the performan
e enhan
ements andrelease the produ
t.1.1 Need for debugging optimized 
odeThere are many situations where debugging optimized 
ode is ne
essary and desir-able. 1



1. A program may run 
orre
tly when 
ompiled without optimizations but mayfail when 
ompiled enabling optimizations. This 
an o

ur even though theoptimizer is 
orre
t. Compiler optimizations are 
orre
tness preserving trans-formations for a 
orre
t program. Corre
tness preserving transformations arenot guaranteed to preserve the behavior of a program that behaves di�erentlyfor di�erent exe
utions. For example, programs using values of uninitializedvariables behave di�erently for di�erent exe
utions.Examples:(a) Reordering of the statements may 
ause under�ow or over�ow.(b) Ex
eptions may o

ur be
ause the value of the uninitialized variable
hanges when we 
hange the data layout of the program. An array outof bound ex
eption might o

ur due to 
hange in the data layout of theprogram 
aused by optimizations.2. Final produ
tion 
ode is generally an optimized version. One should be ableto debug this optimized 
ode by looking at the 
ore �le and a bug report.3. Programs with timing and instability problems behave di�erently when 
om-piled with optimizations and without optimizations. In su
h 
ases we shouldhave the ability to debug optimized 
ode.4. There may be 
onstraints on the spa
e and time requirements of a sour
eprogram. This situation mainly o

urs in designing the embedded softwaresystems. The optimized version of a program may �t into the requirements,when we need to debug su
h a program we should have the ability to debugoptimized 
ode.5. The 
ompiler may not be able to generate unoptimized 
ode.6. Optimizing 
ompiler may have bugs.
2



1.2 Existing sour
e-level debuggers and their sup-port for debugging optimized 
odeMost 
ompiler systems provide a sour
e-level debugger. In this se
tion we look atthe existing sour
e-level debuggers and their support for debugging optimized 
ode.1. Gdb: Gdb [15℄ is the sour
e-level debugger that 
omes with the GNU 
om-piler systems. Gdb has support for debugging programs written in C andC++. Gdb has partial support for debugging programs written in FORTRAN,Modula-2 and CHILL. It does not have spe
ial support for debugging opti-mized 
ode. When gdb debugs an optimized program, it just shows what isthere. It gives surprising results to the user. It does not map the breakpointsin the sour
e 
ode to the 
orre
t(user expe
ted) pla
es in the optimized obje
t
ode. The user may see that the exe
ution path that is followed is not theexpe
ted exe
ution path. At a breakpoint the user may also get the values ofthe variables di�erent from what one expe
ts. This debugging of optimized
ode is not helpful to a novi
e user rather, it may lead to wrong 
on
lusionsabout the program.2. Ladebug: Ladebug [3℄ is a sour
e-level debugger that 
omes with the Compaq
ompiler systems. Ladebug has support for debugging programs written in C,C++, FORTRAN-77 and FORTRAN-90 on Compaq's TRU64TM UNIX andLinux for Compaq ALPHATM systems. This debugger has support for de-bugging optimized 
ode. When the user wants to know the value of a variableat a breakpoint this debugger 
he
ks if the variable is eliminated due to opti-mizations and prints the appropriate message. If the variable has a runtimevalue then it displays the value of the variable and also prints the informationsaying whether it is the expe
ted value or not. This debugger 
orre
tly mapsthe breakpoints in the optimized obje
t 
ode. This debugger does not havesupport for 
hanging the value of a variable when debugging optimized 
ode.
3



3. Wdb: HP Wdb 2.1 [8℄ is an HP supported implementation of gdb 5.0. It sup-ports debugging of programs written in C, C++, FORTRAN-77 and FORTRAN-90 on HP-UX release 10.20 and later. Support for debugging optimized 
odein Wdb is same as that in Gdb mentioned earlier.4. SUN's ForteTM : Forte [17℄ is a set of tools that 
an be used to developappli
ations on the SolarisTM operating environment. Forte C and ForteC++ are some of the 
omponents of Forte set of tools. Forte C and ForteC++ 
ontain a debugger that has support for debugging optimized 
ode.5. Mi
rosoft's Visual C++: Mi
rosoft Visual C++ [10℄ 
ontains an integrat-ed sour
e-level debugger for debugging programs written in C and C++. Thisdebugger does not have any support for debugging optimized 
ode at sour
elevel. It does not allow optimizations and sour
e-level debugging simultane-ously. If the user wants to debug optimized the 
ode then he has to performdebugging at the assembly language level. Debugging program at assemblylanguage level is very tedious and is less useful for novi
e programmers.1.3 Previous workHennessey[7℄ addresses the problems in debugging of optimized 
ode. He introdu
esthe terms nonresident and non
urrent variables. At a breakpoint, a variable issaid to be nonresident if there is no runtime lo
ation 
orresponding to the variable.At a breakpoint, a variable is said to be non
urrent if there is a runtime lo
ation
orresponding to the variable, but the value of the variable is not the expe
tedvalue of the variable. He addresses how to dete
t the variables that are nonresidentand non
urrent at a breakpoint when lo
al optimizations are performed. Hennesseydoes not address how to dete
t nonresident and non
urrent variables when globaloptimizations are performed and how to 
orre
tly map the breakpoints.Zellweger [18℄ addresses the problem of 
orre
tly mapping the breakpoints set inthe sour
e 
ode to the 
orresponding pla
es in optimized obje
t 
ode. DOC [5℄ is a�rst sour
e level debugger, whi
h supports debugging optimized 
ode. DOC shows4



that debugging optimized 
ode is viable. DOC performs three optimizations: regis-ter promotion and assignment, loop variable elimination and instru
tion s
heduling.Brooks, Hansen and Simmons[6℄ show that when debugging optimized 
ode pro-viding the same behavior as an unoptimized program is not feasible and is impra
-ti
al.Copperman [4℄ investigates the problem of dete
ting endangered variables 
ausedby global optimizations. Ali Reza [13℄ [14℄ [12℄ des
ribes how to �nd endangeredand non
urrent variables and ways to re
over the expe
ted values of the variables.He also addresses the 
ode lo
ation problem in detail. Le-Chen Wu, Rajiv Miranietal[9℄ des
ribe a new framework for debugging optimized 
ode.1.4 S
ope of our workThe problem of how optimizations a�e
t the ability of the debugger to 
hange thevalue of a variable at debug time has not been addressed. All the available sour
e-level debuggers that support debugging of optimized 
ode do not allow the userto 
hange the value of a variable at debug time when debugging optimized 
ode.In this thesis we address how optimizations a�e
t this fun
tionality of the sour
e-level debuggers. We also address how to over
ome the perturbations 
aused byoptimizations and 
hange the value of variables at debug time.1.5 Organization of the reportThe rest of the thesis report is organized as follows.In Chapter 2 we explain in more detail debugging of optimized 
ode. Wepresent model of the debugger and the existing approa
hes for debugging optimized
ode.In Chapter 3 we present the data value problem, how we 
an solve it. Wedes
ribe the additional information that is to be passed by the 
ompiler to thedebugger.In Chapter 4 we present the 
ode lo
ation problem, how we 
an solve it. We5



des
ribe the additional information that is to be passed by the 
ompiler to thedebugger.In Chapter 5 we dis
uss the value 
hange problem. We look at the advantageof providing the user with the ability to 
hange the value of a variable at debugtime. We dis
uss perturbations 
aused by optimizations to value 
hange problem.We present methods to over
ome the perturbations 
aused by optimizations and
hange the value of the variable at debug time.In Chapter 6 we present the experimental framework.In Chapter 7 we present 
on
lusion and s
ope for future work.

6



Chapter 2Debugging optimized 
odeIn this 
hapter we present the model of the debugger. We explain with exampleshow optimizations a�e
t sour
e-level debugging of optimized 
ode. We also presentdi�erent approa
hes to debug optimized 
ode.2.1 Model of the debuggerThe main aim of a sour
e-level debugger is to provide a sour
e-level view of the exe-
ution of a program. The sour
e-level debuggers provide intera
tive debugging andpost-mortem debugging. In intera
tive debugging the user spe
i�es some events,the debugger returns 
ontrol to the debugger when any su
h event o

urs and theuser 
an observe the state of the program. These events 
an be 
ontrol breakpoints,
onditional breakpoints, wat
hpoints or data breakpoints. In post-mortem debug-ging the debugger is invoked after a program is terminated. The user 
an �nd thesour
e statement that 
aused the program to terminate and 
an observe the stateof the program, however exe
ution of the terminated program 
annot be resumed.Sour
e-level debuggers provide mu
h fun
tionality. The debugger model that we
onsider through out this thesis work provides a 
ore set of fun
tionalities. Otherauxiliary fun
tionalities 
an be provided using this 
ore set of fun
tions. The 
oreset of fun
tionalities provided by our debugger are:� User 
an set breakpoints at any sour
e statement in the given program. The7



user 
an also set breakpoints on fun
tions, the breakpoints set on the fun
tionsare triggered when a 
all to that fun
tion o

urs and the 
ontrol is transferredto that fun
tion. After a breakpoint has o

urred the user 
an resume theexe
ution of the program. The user 
an set and reset breakpoints.� At a breakpoint, the debugger 
an be used to display the value of a variablein the program.� At a breakpoint, the debugger 
an 
hange the value of a variable. This fun
-tionality is not provided by most of the debuggers that work with optimized
ode.� After a breakpoint has o

urred, the user 
an step through the statements ofthe programs iteratively.� The debugger has support for post-mortem debugging.Debugger has to modify the obje
t 
ode to set up 
ontrol and data breakpoints.There are two types of modi�
ations that a debugger performs on a program'saddress spa
e: 
hanges of data layout and 
hanges of 
ode segment. Changes indata layout are needed to set data breakpoints. Changes to data layout may masksome error or may 
ause some other error therefore; it is not advisable to 
hangethe data layout of a program that is being debugged. Changes in the 
ode segmentare needed to implement 
ontrol breakpoints. Reza [12℄ 
lassi�es the debuggers intonon-invasive debuggers and invasive debuggers, based on the property of whetherthe debugger 
hanges the data layout and program segment of optimized 
ode ornot. A debugger is 
alled non-invasive if it does not require modi�
ations to the datalayout of a program and the 
hanges in 
ode segment are needed only to implement
ontrol breakpoints. Otherwise, the debugger is said to be invasive. we 
onsider anon-invasive debugger model.
8



2.2 Perturbations 
aused by optimizationsThe debugger maintains sour
e to obje
t and obje
t to sour
e mappings to setbreakpoints and report asyn
hronous breakpoints (runtime ex
eptions, user inter-rupts). In sour
e to obje
t mapping, for ea
h sour
e statement the debugger storesthe obje
t 
ode lo
ation(s) where the breakpoint 
an be mapped in the obje
t 
ode.Debugger uses sour
e to obje
t mapping to set 
ontrol breakpoints. In obje
t tosour
e mapping, the debugger stores the sour
e statement(s) 
orresponding to ea
hobje
t instru
tion. Debugger uses obje
t to sour
e mapping to report asyn
hronousbreakpoints.When debugging unoptimized 
ode, sour
e to obje
t mapping and obje
t tosour
e mapping are same. For ea
h sour
e statement we have a �xed obje
t 
odelo
ation where the breakpoint set on that sour
e statement 
an be mapped. Forea
h group of obje
t statements we have a 
orresponding unique sour
e statement.The obje
t to sour
e and the sour
e to obje
t mappings are both one-to-one map-pings. Optimizations reorder, eliminate and dupli
ate sour
e statements therefore,the sour
e to obje
t mapping and the obje
t to sour
e mappings are di�erent. Boththe mappings are no longer one-to-one mappings. For ea
h sour
e statement we mayhave more than one obje
t 
ode lo
ations, in su
h a 
ase the debugger has to de-
ide to whi
h obje
t 
ode lo
ation a breakpoint has to be mapped. The problem of
orre
tly setting the breakpoints in optimized 
ode is 
alled 
ode lo
ation problem.In unoptimized 
ode obje
t instru
tions are exe
uted in the order spe
i�ed in thesour
e program so, the variables have expe
ted values. Optimizations eliminate andreorder the exe
ution of the statements. The order in whi
h the obje
t instru
tionsexe
ute is di�erent from the sour
e exe
ution order and this 
auses the variablesto have values di�erent from expe
ted values. In unoptimized 
ode ea
h variablehas a runtime lo
ation 
orresponding to that variable all along the s
ope of thevariable. Due to optimizations a variable may not be allo
ated a runtime lo
ationor a runtime lo
ation allo
ated to a variable is reused to store the value of anothervariable. When the debugger wants to display the value of a variable, there is noruntime lo
ation for the variable or more than one lo
ation might 
ontain the valueof the variable and the debugger 
annot de
ide whi
h lo
ation 
ontains the expe
ted9



value of the variable. These problems are 
alled data value problems.2.2.1 Example : Dead 
ode elimination and loop invariant
ode motion

x = y + z

x = y− z

i = j

z = z + 1

Si :

Sj :

x = y− z

z = z + 1

S2 :

until p

repeat

first time through the loop

repeat

x is noncurrent

Si :

i = jSj :

Code segment 
before optimizations

Code segment 
after optimizations

Noncurrent ranges

i is noncurrent for 

until p
(p is independent of i and j) (p is independent of i and j)

Sj+1 :
Sj−1 :

Si−1 :Si−1 :

Sj+1 :

S1 :

Sk : Sk :

(a) (b)Figure 2.1: Sample 
ode to demonstrate the perturbations 
aused by optimizations
In �gure 2.1 we present a simple example to depi
t how optimizations a�e
tdebugging of optimized 
ode. �gure 2.1(b) is the resultant 
ode after performing10



Breakpoint Breakpoint Number of times Endangered Variablesin �g 2.1(a) in �g 2.1(b) breakpoint is at the breakpointtriggeredSj Sj on
e variables assigned in S1 to Sj�1Sj Sj�1 n times variable assigned in SjSj Sj+1 n times NoneTable 2.1: Table showing e�e
t of breakpoint mapping on data value problemsdead 
ode elimination and loop invariant 
ode motion on the 
ode in �gure 2.1(a).The optimizations performed 
ause both 
ode lo
ation problems and data valueproblems.Code lo
ation problemsStatement Sj is moved out of the loop due to loop invariant 
ode motion. Whenthe user sets a breakpoint at Sj, the debugger should �nd the appropriate lo
ationin the obje
t 
ode to map this breakpoint. If the debugger sets the breakpoint atstatement Sj in �gure 2.1(b) then the breakpoint is triggered only on
e and all thevariables assigned in statements S1 to Sj�1 are non
urrent. If the debugger setsthe breakpoint at statement Sj�1 in �gure 2.1(b) then the breakpoint is triggeredexpe
ted number of times but, the variable i is non
urrent at the breakpoint. If thebreakpoint is set at statement Sj+1 in �gure 2.1(b) then the breakpoint is triggeredthe expe
ted number of times and the variable i is 
urrent but, if the statement Sjis the last statement of the basi
 blo
k then there is no statement after Sj. Thee�e
t is summarized in Table 2.1.Data value problemsThere are no uses of x in statements S2 to Si�1 so the assignment to x in S1is dead and that statement is eliminated. As the statement S1 is deleted, at allbreakpoints set at statement S2 to Si�1 the value of x is non
urrent. Statement Sjis moved out of the loop, this 
auses the value of i to be non
urrent from statementsS2 to Sj�1 for the �rst time through the loop.11



2.3 Alternative approa
hes for debugging optimized
odeThere are four main approa
hes for debugging optimized 
ode. The �rst approa
hignores the fa
t that optimizations have been performed resulting in an anomalousbehaviour. The se
ond approa
h tries to hide all optimizations performed and andprovides the expe
ted behaviour. The third approa
h exposes all the optimizationsthat are performed and it is left to the user to �gure out how optimizations a�e
tthe program. The fourth approa
h provides truthful behaviour.2.3.1 Ignoring optimizationsIn this approa
h the debugger does not 
onsider whether optimizations are per-formed or not. The debugger just shows the 
urrent exe
ution state of the program.When the value of a variable is queried the debugger just displays the value presentin the runtime lo
ation 
orresponding to the variable and this value may be di�er-ent from the expe
ted value of the variable. The exe
ution path followed may bedi�erent from the expe
ted exe
ution path. These types of debuggers are easy todesign and are less helpful when debugging optimized 
ode.There are some debuggers that allow debugging without 
onsidering whether op-timizations are performed or not. Gdb follows this approa
h. This kind of debuggersshow values di�erent from the expe
ted values of the variables and exe
ution pathsdi�erent from the expe
ted paths are taken. This type of the debuggers are easy todesign, but not of mu
h use to a novi
e user when debugging optimized 
ode.2.3.2 Providing expe
ted behaviourThis is the ideal approa
h for debugging optimized 
ode. In this approa
h thedebugger manages the e�e
ts of the optimizations and provides the illusion that onesour
e statement is exe
uted at a time and gives the expe
ted values of the variables.The debugger exe
utes the obje
t statements in the expe
ted sour
e order to giveexpe
ted values of the variables. As optimizations reorder, dupli
ate and eliminate12



sour
e statements it is not possible to exe
ute the statements in the expe
ted sour
eorder without making 
hanges to the data layout and 
ode segment of the program.The debuggers built using this approa
h use several te
hniques to provide theexpe
ted results. They 
onstrain the number of lo
ations where the debugger 
anbe invoked, they 
onstrain some of the optimizations, and they add instrumentation
ode and disturb the data layout and 
ode segment of the obje
t 
ode. These de-buggers are invasive as they disturb the data layout and 
ode segment of a program.Le-Chen Wu and Rajiv Mirani etal [9℄ propose a new framework for debuggingoptimized 
ode. In this s
heme they present that with perturbations to data layoutand 
ode segment one 
an provide expe
ted behaviour for all optimizations in
ludingthe global optimizations. This s
heme does not allow the value of the variable to be
hanged at debug time. when the user sets a breakpoint at a sour
e statement, thedebugger takes 
ontrol of the program early before exe
uting any of the statementsthat have to be exe
uted after this statement as per the sour
e exe
ution order. Afterthis it emulates only those instru
tions that have to be exe
uted before the statementas per the sour
e exe
ution order and reports that breakpoint has o

urred. As allthe statements that have to be exe
uted before the breakpoint have exe
uted andnone of the statements that have to be exe
uted after it have exe
uted, the state ofthe program is the expe
ted state and thus provides the expe
ted behaviour.2.3.3 Exposing optimizations to the userIn this approa
h all the optimizations performed are exposed to the user in the sour
elevel terms. The debugger shows sour
e-level view of the optimized program. Thisapproa
h is espe
ially useful when the debugger performs loop optimizations likeloop peeling, loop inter
hanging and loop tiling. There are many disadvantages inthis approa
h. The debugger user should have full knowledge of optimizations, whi
hgenerally is not the 
ase. There are some optimizations like instru
tion s
hedulingand register allo
ation whose e�e
t is di�
ult to express in the sour
e level terms.
13



2.3.4 Providing truthful behaviourIn this approa
h the debugger dete
ts when optimizations do not a�e
t debuggingand hides the optimizations. When the debugger is unable to hide the optimizationsit exposes the optimizations to the user. When optimizations are to be exposed tothe user, this approa
h manages the e�e
ts of the optimizations by relating runtimevalues in the optimized 
ode to sour
e-level values. The burden of the analysis fallson the debugger and less knowledge of the optimizations is required on part of thedebugger user. Hennessey [7℄, Zellweger[18℄, Coutant [5℄, Copperman[4℄, and Alireza [12℄ use this approa
h.
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Chapter 3Data value problemsData value problem refers to the problems arising in reporting the value of a sour
evariables at a breakpoint. Optimizations 
hange the order of exe
ution of the state-ments. Changing the order of the exe
ution of the sour
e assignment statements
auses the variables to have values di�erent from the expe
ted values.When user asks the debugger to display the value of a variable the debuggerreports the state of the variable as nonresident, non
urrent, 
urrent or suspe
t.� At a breakpoint, a variable is said to be nonresident if there is no runtimelo
ation 
ontaining the value of the variable hen
e, no runtime value for thevariable. For example in the �gure 3.1, there are no uses of X after E4 sosame register is shared by both X and Y. The next de�nition of Y after E4assigns a new value of Y to the register shared by both X and Y hen
e, thereis no runtime value for X and is nonresident at a breakpoint Bkpt4 set afterE5.� At a breakpoint, a variable is said to be non
urrent if it is resident and thevalue of the variable is not the expe
ted value. For example in �gure 3.1 E0is dead 
ode and is eliminated. The value of X present at Bkpt1 is not theexpe
ted value and hen
e X is non
urrent.� A variable is said to be 
urrent if the variable is resident and the value is sameas the expe
ted value. At breakpoint Bkpt3 the value of X is the expe
ted15



}

Bkpt1

E1: Def X
E2: Use X

B1

B2

B3Bkpt3

Bkpt2

Bkpt4
No use of X

E3: Def X

E4: Y = X

E5: Def Y

E0: Def X E0 is deleted

Figure 3.1: Sample 
ode to demonstrate possible states for a variablevalue hen
e, X is 
urrent.� A variable is said to be suspe
t, if it is resident and the debugger 
annotdetermine if it is 
urrent or non
urrent. In �gure 3.1 the variable X is 
urrentat Bkpt2 if the path taken is B1, B2 and B3 and X is non
urrent if pathfollowed is B1 and B3. Variables that are suspe
t and non
urrent are 
alledendangered variables.Data value problem is subdivided into the problem of �nding nonresident vari-ables and the problem of �nding endangered variables at a breakpoint.
16



3.1 Dete
ting nonresident variablesA variable is said to be nonresident at a breakpoint if there is no runtime lo
ation
orresponding to a variable at that breakpoint or, there are multiple runtime lo
a-tions 
ontaining the value of the variable and the debugger is unable to de
ide whi
hlo
ation 
ontains the expe
ted value of the variable. We use Ali Reza's approa
h[12℄ to dete
t nonresident variables. When no optimizations are performed all vari-ables are assigned a unique memory lo
ation ex
ept the register variables that arestored in registers. The mapping from variables to runtime lo
ations is one-to-one.Optimizations like register allo
ation and register 
oales
ing disturb this one-to-onemapping and 
ause nonresident variables.Register allo
ation tries to use registers to store the values of frequently a

essedvariables, 
onstants and temporaries to redu
e their a

ess time. We 
onsider onlysour
e variables, as only these variables are visible at the sour
e level. The registerallo
ator takes the live ranges of the variables and assigns registers to these liveranges using some heuristi
s. Some register allo
ation methods split the live range ofthe variables and assign ea
h split range a register or a memory lo
ation independentof other live ranges of the same variable. Additional 
ode is added to transfer runtimevalue from runtime lo
ation of one split range to the runtime lo
ation of anothersplit range when 
ontrol moves from one split range to another split range.The variables that are not allo
ated a register are allo
ated a memory lo
ationon the a
tivation sta
k. Sharing of the memory lo
ations by non-overlapping liveranges redu
es the size of the a
tivation sta
k. Splitting the live ranges of a variablemakes variable to runtime lo
ation mapping one-to-many. Assigning same memorylo
ation and same register to di�erent non-overlapping live ranges makes variableto runtime lo
ation mapping many-to-one.Register 
oales
ing[11℄ eliminates move instru
tions from one variable to anotherby allo
ating same register to both these variables if the live ranges of these variablesare non-overlapping. Register 
oales
ing makes variable to runtime lo
ationmappingmany-to-one and 
auses nonresident variables.
17



3.1.1 Dete
ting nonresident variables 
aused by register al-lo
ation and register 
oales
ingUsing a simple and a 
onservative approa
h we say a variable is nonresident outsidethe live range of that variable. Looking at the live range information in the symboltable we 
an do this. This approa
h is simple but misses some opportunities. Astorage lo
ation allo
ated to a variable holds the value of the variable all alongthe live range of the variable. Even after the live range of a variable a storagelo
ation allo
ated to a variable holds the value of the variable until a new variableis assigned to this lo
ation. A de�nition (assignment to a variable) is 
alled anevi
ting de�nition if it assigns the value of the variable to a lo
ation that previously
ontained value of another variable.
x = 2
y = 4
w = x * y
z = x + 1
u = x * 2
x = z * 4

s1 = 2

s3 = s1 * s2
s4 = s1 + 1
s5 = s1 * 2
s1 = s2 * 4

r1 = 2
r2 = 4
r3 = r1 * r2
r3 = r1 + 1
r1 = r1 * 2
r2 =r3 * 4

(a) (b) (c)

s2 = 4
S1 :
S2 :
S3 :
S4 :

S6 :
S5 :

(a) A simple example of register allocation; (b) symbolic 
register assignment for it; (c) an allocation for it with three 
registers assuming y and w are dead on exit from this code

Figure 3.2: Sample 
ode to show evi
ting de�nitionsA lo
ation may 
ontain the value of a variable even after the live range of thatvariable. Improved response 
an be given to the user if all evi
ting de�nitions arefound. A variable V whose value is found in lo
ation L is resident even after thelive range of V until an evi
ting de�nition assigns to lo
ation V. In the �gure 3.2(
)register r2 is used to store the value of y. The live range of y is from S2 to S4.18



The value of r2 is 
hanged by statement S6. The value of y is present in r2 till S6whi
h is outside the live range of y. The evi
ting de�nition is S6.We say that a variable V is resident in lo
ation L at a breakpoint B if thereexists an assignment to V along all paths from start of the program to B and thevalue of the variable is stored in L and there is no evi
ting de�nition for lo
ationL after last o

urren
e of assignment to V. We perform simple data�ow analysis toget the list of the variables and the 
orresponding runtime lo
ations that rea
h aparti
ular point in the program.Data�ow AnalysisA residen
e whi
h is a tuple <V,L> indi
ates that a variable V is stored atlo
ation L. A basi
 blo
k B generates a residen
e <V,L> if there exists an assign-ment to V in the blo
k B and there are no evi
ting de�nitions of L after last su
ho

urren
e of assignment to V. A basi
 blo
k kills a residen
e <V,L> if there is anevi
ting de�nition of lo
ation L.De�nition 3.1 (AvailResGen) AvailResGen indi
ates the set of residen
es gen-erated by a basi
 blo
k.De�nition 3.2 (AvailResKill) AvailResKill indi
ates the set of residen
es killedby a basi
 blo
k.De�nition 3.3 (AvailResIn) AvailResIn indi
ates the set of residen
es that rea
ha basi
 blo
k.De�nition 3.4 (AvailResOut) AvailResOut indi
ates the set of residen
es areavailable after a basi
 blo
k.Initially �nd the AvailResGen and AvailResKill sets for all the basi
 blo
ks. Thesets AvailResIn and AvailResOut of all basi
 blo
ks is found by solving the data�owequations 1 and 2. AvailResIn(I) = \J2Pred(I)AvailResOut(J) (1)19



AvailResOut(I) = (AvailResIn(I)� AvailResKill(I))[AvailResGen(I) (2)We use an iterative approa
h to solve the data�ow equations. The algorithm for�nding the AvailResIn and AvailResOut sets of a basi
 blo
k is given below: Thealgorithm takes AvailResKill and AvailResGen sets of ea
h basi
 blo
k as input andgenerates AvailResIn and AvailResOut sets of ea
h basi
 blo
k.for ea
h basi
 blo
k B do AvailResOut[B℄ = AvailResGen[B℄
hange = truewhile 
hange do begin
hange = falsefor ea
h basi
 blo
k B do beginAvailResIn(B) = TJ2Pred(B) AvailResOut(J)oldout = AvailResOut[B℄AvailResOut(B) = (AvailResIn(B) - AvailResKill(B))SAvailResGen(B)if AvailResOut[B℄ 6= oldout then 
hange = trueendend3.2 Dete
ting endangered variablesOptimizations that a�e
t assignments to sour
e variables 
ause endangered vari-ables. Optimizations delete and reorder assignment statements 
ausing endangeredvariables. We use Ali Reza's approa
h[12℄ to dete
t endangered variables.3.2.1 Optimizations that 
ause endangered variablesOptimizations that eliminate and move sour
e assignment statements 
ause endan-gered variables.Code elimination:Optimizations su
h as dead 
ode elimination delete assignments to sour
e vari-ables. Eliminating assignment statements 
auses endangered variables. The user20



expe
ts the variable to have the value that would have been assigned by the delet-ed assignment statement, whereas the a
tual value is di�erent. Programmer doesnot generally add dead 
ode, it results from performing some optimizations su
h as
onstant propagation, 
opy propagation and indu
tion variable strength redu
tionet
.Code motion:Optimizations su
h as loop invariant 
ode motion, 
ode hoisting and instru
-tion s
heduling move statements from one lo
ation to another lo
ation. Moving thestatements 
auses the a
tual exe
ution order to be di�erent from the expe
ted exe-
ution order. Code motion optimizations move 
ode either in the dire
tion of 
ontrol�ow or in the dire
tion opposite to 
ontrol �ow 
reating endangered variables.Con
entrating on two key transformations 
ode hoisting and dead 
ode elimina-tion 
aptures data value problems 
aused by all the global transformations.3.2.2 Optimizations that do not 
ause endangered variablesThere are some optimizations that do not 
ause endangered variables. Optimizationssu
h as 
onstant folding, indu
tion variable strength redu
tion and 
opy propaga-tion do not a�e
t assignments to sour
e variables. These optimizations 
reate newopportunities for dead 
ode elimination indire
tly 
ontributing to 
reation of endan-gered variables. Optimizations that a�e
t assignments to 
ompiler temporaries donot 
ause any endangered variables, as we are 
on
erned with only sour
e variables.3.2.3 Endangered variables 
aused by instru
tion s
hedulingInstru
tion s
heduling reorders and interleaves the exe
ution of sour
e statements.Semanti
s of the sour
e programming language de�nes an ordering on the exe
u-tion of the statements, whi
h is same as the expe
ted exe
ution order. Instru
tions
heduling moves assignment statements and 
auses endangered variables. Endan-gered variables o

ur due to either early exe
ution or delayed exe
ution of sour
eassignment statements. At a breakpoint B if assignment to a variable V has been21



exe
uted early then the variable is said to be a roll ba
k variable indi
ated byBa
kVar(V,B). At a breakpoint B if assignment to a sour
e variable V is delayed tobe exe
uted after the breakpoint then V is 
alled a roll forward variable indi
atedby ForwardVar(V,B).Finding all sour
e assignment statements that have exe
uted out of order wedete
t endangered variables. The debugger maintains sour
e exe
ution order andobje
t exe
ution order to �nd the assignment statements that have exe
uted out oforder. Sour
e exe
ution order refers to the order in whi
h the sour
e assignmentstatements have to be exe
uted as per the semanti
s of the sour
e programminglanguage. Ea
h sour
e assignment statement S is assigned a sequen
e number seq(S)to indi
ate the sour
e exe
ution order. For all sour
e assignment statements thatimmediately follow a sour
e assignment statement Si the sequen
e number seq(Si)+1is assigned. For two statements S1 and S2, if seq(S1) < seq(S2) then S1 has to exe
utebefore S2 and if seq(S1) > seq(S2) then S1 has to exe
ute after S2. If seq(S1) =seq(S2) then there is no �xed ordering between S1 and S2.De�nition 3.5 (Sour
e assignment des
riptor) Sour
e assignment des
riptorfor an obje
t instru
tion O is a tuple <I,N,V> where I is the obje
t instru
tion, Nis the sequen
e number of the sour
e instru
tion for whi
h O is generated and V isthe variable that is assigned in O.De�nition 3.6 (INST()) For a sour
e assignment des
riptor D, INST(D) returnsthe obje
t instru
tion in the des
riptor.De�nition 3.7 (seq()) For a sour
e assignment des
riptor D, seq(D) returns thesequen
e number of the sour
e instru
tion for whi
h the obje
t instru
tion of D isgenerated.De�nition 3.8 (VAR()) For a sour
e assignment des
riptor D, VAR(D) returnsthe variable that is assigned by the obje
t instru
tion of D.Obje
t exe
ution order refers to the order in whi
h the instru
tions generatedfor the sour
e assignment statements exe
ute. For ea
h obje
t instru
tion O that
orresponds to a sour
e assignment statement we add a sour
e assignment des
riptor.22



A breakpoint B is represented by <S,O> where S is the sour
e statement wherethe breakpoint is set in the sour
e and O is the obje
t instru
tion where the break-point is mapped in the obje
t 
ode. We �nd all roll ba
k and roll forward variablesat a breakpoint and using this information we �nd if a variable is endangered at thebreakpoint.A variable is said to be a roll forward variable at a breakpoint B<S,O> if anassignment with assignment des
riptor D, that has to be exe
uted before the break-point as per the sour
e exe
ution order( seq(D) < seq(S) ) is slated to be exe
utedafter the breakpoint( INST(D) >= O ). Similarly, a variable is said to be a roll ba
kvariable or not. Equations 3 and 4 
an be used to �nd the roll ba
k and roll forwardvariables.((seq(D) < seq(S))&(INST (D) >= O)) => ForwawdV ar(V AR(D); B) (3)((seq(D) > seq(S))&(INST (D) < O)) => Ba
kV ar(V AR(D); B) (4)3.2.4 Endangered variables 
aused by lo
al optimizationsLo
al optimizations 
ause endangered variables by eliminating assignment state-ments. Assignment statements 
an be eliminated if an assignment is lo
ally avail-able or an assignment is a dead assignment. An assignment to a variable V is
alled an available assignment statement if on all paths from the starting point ofthe program to this point, there is an assignment statement same as this and thereare no further assignments to V and all other variables present in the assignmentstatement after last su
h o

urren
e of the assignment to V. Elimination of avail-able assignment statements does not 
ause any endangered variables, as the deletedassignment statement assigns a value that is already available.Elimination of dead assignmentsAn assignment statement S that assigns to a variable V is a dead assignmentstatement if there is no use of V until the next de�nition of V or the end of theprogram. Elimination of dead assignment statements 
auses endangered variables.23



The variable is expe
ted to have the value that would have been assigned by thedeleted assignment statement. At all breakpoints set between the deleted statementand the next assignment to the variable V the value of V is di�erent from theexpe
ted value.
X = I + JSI:
. . .

. . .
X = I * J
. . .

SJ:

After useless code elimination 
and code generationSample code 

. . .
Rx = Ri * RjIj:
. . .

(a) (b)Figure 3.3: Sample 
ode to demonstrate e�e
ts of dead 
ode eliminationIn the example given in �gure 3.3 the assignment statement SI is dead as thereare no uses of x in statements SI+1 to SJ�1. Eliminating SI makes x endangered atbreakpoints set at statements SI+1 to SJ�1. For every dead assignment statement Athat is deleted we add a dead assignment des
riptor <I,N,V> where I is the obje
tinstru
tion 
orresponding to the instru
tion A0, whi
h is the next assignment state-ment that assigns to V after A, N is the sequen
e number of the sour
e instru
tionA and V is the variable assigned in A. At a breakpoint B <S,O> a dead assignmentdes
riptor D 
reates an endangered variable if these three 
onditions hold:1. The sour
e statement where the breakpoint is set 
omes after the dead assign-ment statement as per the sour
e exe
ution order.2. The obje
t instru
tion generated for the next sour
e assignment that assignsto the same variable as dead assignment, 
omes after the obje
t instru
tionwhere the breakpoint is mapped, and24



3. The variable is not a roll forward variable at the breakpoint.All the three 
onditions are 
he
ked in the following equation.((seq(D) < seq(S))&(INST (D) � O)& � ForwardV ar(V ar(D); B)))EndangeredDead(V ar(D); B)We �nd all variables endangered due to dead 
ode elimination at a breakpointand use that information to �nd if a variable is endangered due to lo
al dead 
odeelimination at this breakpoint.3.2.5 Dete
ting endangered variables 
aused by global opti-mizationsGlobal optimizations like 
ode hoisting, 
ode sinking, loop invariant 
ode motion,global dead 
ode elimination and global instru
tion s
heduling move and deletesour
e assignment statements 
ausing data value problems. Con
entrating on twokey transformations 
ode hoisting and global dead 
ode elimination 
aptures datavalue problems 
aused by all the global optimizations.Dete
ting endangered variables 
aused by 
ode hoistingCode hoisting is one form of partial redundan
y elimination. Adding expressions atsome pla
es to make other partially redundant expressions fully redundant is 
alled
ode hoisting[2℄. Code hoisting moves expressions in the dire
tion opposite to the
ontrol �ow. Some of the assignment statements are exe
uted earlier than expe
ted
ausing endangered variables. Expressions that are added by 
ode hoisting are 
alledhoisted expressions. Expressions that be
ome redundant after 
ode hoisting and aredeleted are 
alled redundant expressions.In the �gure 3.4 we show with an example how 
ode hoisting a�e
ts debugging.In the sample 
ode shown in �gure 3.4 expression X = U - V is exe
uted twi
e ifthe path followed is B0, B1 and B3 and the same expression is evaluated on
e whenthe path is B0, B2 and B3. Expression E2 is partially redundant. As part of 
odehoisting the expression X = U - V is moved ahead into blo
k B2 making partially25



E0: X = U − VB0

Bkpt2

Bkpt3

E2: X = U − V
B3

E2 is deleted because
it is available

E1: X = U − VB1
Bkpt1

E3: X = U − V
B2

E3 inserted by 
code Hoisting

Figure 3.4: Sample 
ode to demonstrate e�e
ts of 
ode hoistingredundant expression E2 fully redundant and a 
andidate for further optimizations.Expression E2 be
omes available expression after 
ode hoisting and is deleted.If we set a breakpoint after E3 in B2 then the value of X is non
urrent as thevalue that is present is the value assigned by E3 whereas the expe
ted value is thevalue assigned by E0. If we set a breakpoint before E2 in B3 then the variable Xis 
urrent if the path followed is B0, B1 and B3 and the variable X is non
urrent ifthe path followed is B0, B2 and B3 for
ing the X to be suspe
t. This informationis summarized in the table 3.1.Code hoisting 
auses both suspe
ted and non
urrent variables. When we seta breakpoint after E3 in B2 the variable x is non
urrent. The value present in x26



Breakpoints set at State of XBkpt1 X is non
urrentBkpt2 X is suspe
tBkpt3 X is 
urrentTable 3.1: State of a variable due to 
ode hoistingis the value that is assigned by E3 whereas the expe
ted value is the value thatis assigned by E0. For every hoisted expressions Eh we add a hoist des
riptor
ontaining the information of the variable that is assigned by Eh, the 
orrespondingredundant expression Er and the line number of the sour
e instru
tion for whi
h Eris generated. For all redundant expressions Er that are deleted by 
ode hoisting weadd redundant des
riptor 
ontaining the information of line number of the sour
einstru
tion to whi
h it 
orresponds and the variable that is assigned.We �nd all hoist des
riptors that rea
h a parti
ular breakpoint to �nd if a variableis endangered or not. All hoist expressions that rea
h a parti
ular instru
tion isfound by using global data�ow analysis similar to rea
hing de�nition analysis. After�nding the data �ow information, we say a variable V is non
urrent at a breakpointif on all paths from the starting point of the program to this breakpoint there is ahoisted expression that assigns to V and the 
orresponding redundant expression isnot exe
uted. If the above 
ase holds for some paths then the variable V is said tobe suspe
t. We �nd the set of hoisted expressions that rea
h a breakpoint along allpaths and the set of hoisted expressions that rea
h along any path.Data�ow AnalysisDe�nition 3.9 (HoistGen) HoistGen indi
ates the hoisted expressions generatedby a blo
k.De�nition 3.10 (HoistKill) HoistKill indi
ates the hoisted expressions killed bya blo
k.De�nition 3.11 (AllHoistRea
hIn) AllHoistRea
hIn indi
ates the hoisted expres-sions that rea
h a basi
 blo
k along all paths from the starting of the program to thebasi
 blo
k. 27



De�nition 3.12 (AllHoistRea
hOut) AllHoistRea
hOut indi
ates the hoisted ex-pressions that are present after a basi
 blo
k.De�nition 3.13 (AnyHoistRea
hIn) AnyHoistRea
hIn indi
ates the hoisted ex-pressions that rea
h a basi
 blo
k along any paths from the starting of the programto the basi
 blo
k.De�nition 3.14 (AnyHoistRea
hOut) AnyHoistRea
hOut indi
ates the hoistedexpressions that are present after a basi
 blo
k.A basi
 blo
k generates a hoisted expression Eh, assigning to V if a hoistedexpression exists in the basi
 blo
k and no other assignment statement or anotherhoisted expression or a redundant expression assigns to V. HoistGen(B) indi
ates thehoisted expressions generated by blo
k B. A basi
 blo
k kills a hoisted assignmentstatement if there is a statement or a redundant expression that assigns to thesame variable as that of the hoisted expression. HoistKill(B) indi
ates the hoistexpressions that are killed by blo
k B. We use the iterative method similar to theone presented in se
tion 3.1.1 to solve the following data�ow equations.AllHoistRea
hOut(I) = (AllHoistRea
hIn(I)�HoistKill(I))[HoistGen(I)(5)AnyHoistRea
hOut(I) = (AnyHoistRea
hIn(I)�HoistKill(I))[HoistGen(I)(6)AllHoistRea
hIn(I) = \J2Pred(I)AllHoistRea
hOut(J) (7)AnyHoistRea
hIn(I) = [J2Pred(I)AnyHoistRea
hOut(J) (8)Dete
ting endangered variables 
aused by global dead 
ode elimina-tionDead 
ode elimination deletes all assignment statements that assign to a variableif the value that is assigned in this assignment is not used later. If an assignment28



statement that assigns to V is deleted then the variable V is non
urrent until thenext de�nition of V. We present an example to show how dead 
ode eliminationa�e
ts debugging.
Bkpt1B0

E0 is dead and deleted

Bkpt2B1

E1 : X = U − V

Bkpt5

Bkpt6

B3

Bkpt3

Bkpt4

B2
E2 : X = Y − Z

E0 : X = Y + Z

Figure 3.5: Sample Code to demonstrate e�e
ts of dead 
ode eliminationIn the sample pie
e of 
ode given in �gure 3.5 expression E0 is dead as thereare no uses of x until the next de�nition of x. At a breakpoint set after E0 in B0variable x is non
urrent. At a breakpoint set in blo
k B1 variable x is non
urrent.At a breakpoint set before E2 in B2 x is non
urrent. At a breakpoint set after E2in B2 x is 
urrent. At a breakpoint set before E1 in B3, x is 
urrent if the path29



Breakpoints set at State of XBkpt1 X is non
urrentBkpt2 X is non
urrentBkpt3 X is non
urrentBkpt4 X is 
urrentBkpt5 X is suspe
tBkpt6 X is 
urrentTable 3.2: State of a variable due to dead 
ode eliminationfollowed is B0, B2 and B3 and x is non
urrent if the path followed is B0, B1 andB3 making x suspe
t. If a breakpoint is set after E1 in B3 then x is 
urrent as thevalue of x is the value assigned by E1. The e�e
t is summarized in Table 3.2.To �nd if a variable V is endangered due to dead 
ode elimination at a break-point we �nd if a dead assignment statement existed along the path and no otherde�nitions of V has o

urred after last su
h dead assignment statement. For ea
hassignment statement that is eliminated due to dead 
ode elimination we add a deadassignment des
riptor 
ontaining the information of the variable assigned, and thesequen
e number of the sour
e assignment statement 
orresponding to the deletedassignment statement. We �nd all dead assignment statements that rea
h a par-ti
ular point along all paths to say if a variable is non
urrent due to dead 
odeelimination. We �nd all dead assignment statements that rea
h a parti
ular break-point along any paths to say if a variable is suspe
t due to dead 
ode elimination.Global data �ow analysis is used to �nd the required sets. The data�ow analysissimilar to that for �nding endangered variables due to 
ode hoisting is used. Havingfound the required sets we 
an easily say if a variable is endangered due to dead
ode elimination at a breakpoint.
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Chapter 4Code lo
ation problemOptimizations su
h as loop invariant 
ode motion, dead 
ode elimination and in-stru
tion s
heduling insert, delete and move 
ode and make mapping of breakpointsdi�
ult. The debugger has to 
orre
tly map the breakpoints and 
he
k that thebreakpoints are triggered the expe
ted number of times and at expe
ted sour
e lo-
ations. Optimizations that involve 
ode elimination, 
ode dupli
ation and 
odemotion a�e
t mapping of the breakpoints. The obje
t 
ode lo
ations where thesour
e breakpoints are mapped in�uen
e the number of the variables that are non-resident and endangered at a breakpoint.The debugger uses sour
e to obje
t mapping and obje
t to sour
e mapping tomap the sour
e breakpoints and report asyn
hronous breakpoints. Compilers gen-erally use di�erent intermediate representations to perform di�erent optimizations.Initially when the sour
e program is 
ompiled and 
onverted into some intermedi-ate representation, the 
ompiler has to 
onstru
t the sour
e to obje
t and obje
tsour
e mappings. The 
ompiler updates the mappings when optimizations are per-formed. When the intermediate representations are lowered the 
ompiler propagatesthe mappings to the lower level until the �nal obje
t 
ode is obtained.
31



4.1 Code eliminationOptimizations like dead 
ode elimination eliminate a sour
e statement 
ompletely.There is no obje
t 
ode 
orresponding to the deleted sour
e statement. When theuser sets a sour
e-level breakpoint at a statement that is 
ompletely eliminated thedebugger has to determine the appropriate lo
ation in the obje
t 
ode where thebreakpoint should be mapped. The following 
ases arise:1. In the simple 
ase there is at least one sour
e statement after the deletedsour
e statement in the same basi
 blo
k. In this 
ase the debugger sets thebreakpoint at the obje
t 
ode generated for the next sour
e statement.2. The statement that is deleted is the last statement in the basi
 blo
k. In this
ase the debugger maps the breakpoint to the starting instru
tion of all thesu

essor basi
 blo
ks of the basi
 blo
k 
ontaining the deleted statement. Thebreakpoint is reported more than the expe
ted number of times.3. The statement that is deleted is the only statement in the basi
 blo
k and thewhole basi
 blo
k is deleted. In this 
ase the breakpoint is set at the startinginstru
tions of all the su

essor blo
ks.The example given in �gure 4.1 illustrates the �rst two 
ases. �gure 4.1(b) showsthe 
ode obtained after performing dead 
ode elimination on 
ode given in �gure4.1(a). S3 is the only statement present in blo
k B2. After dead 
ode eliminationblo
k B2 is 
ompletely deleted. If the user sets a breakpoint at S3, and the debug-ger maps the breakpoint to the starting instru
tion of blo
k B3 then the breakpointis triggered more than the expe
ted number of times. The breakpoint is triggeredwhenever 
ontrol rea
hes blo
k B3 but as per the sour
e semanti
s the breakpointshould be triggered only when the 
ontrol rea
hes S3. We 
an set a 
ondition-al breakpoint based on the 
ondition in S1 su
h that the breakpoint is triggeredexpe
ted number of times. When 
ode elimination is performed the 
ompiler up-dates the sour
e to obje
t and the obje
t to sour
e mappings to re�e
t the 
hangesintrodu
ed by 
ode elimination. 32



S1: S1:

S2: S3: X = 

S4:

S2:

S4:

B1 B1

B0

B2

B3

B0

B3

(a) (b)Figure 4.1: Example for 
ode lo
ation problems 
aused by 
ode elimination4.2 Code insertionOptimizations su
h as 
ode hoisting and 
ommon subexpression elimination insertnew 
ode. The 
ode that is added should be 
orresponded to a sour
e statement sothat if an asyn
hronous break o

urs at the newly added 
ode then the break 
an bereported at the appropriate sour
e statement. Runtime ex
eptions and user signalsare 
alled asyn
hronous breaks. The 
ompiler updates the sour
e to obje
t andobje
t to sour
e mapping by 
orresponding the newly added 
ode to some sour
estatement.In the example shown in �gure 4.2 
ommon subexpression elimination is per-formed on the 
ode shown in �g 4.2(a) resulting 
ode in 4.2(b). The statementTemp1 = y + z is the newly added statement. When an asyn
hronous break o
-
urs while evaluating y + z in Temp1 = y + z then the debugger reports thatasyn
hronous break has o

urred at statement S1 in the sour
e.
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X = Y + Z

P = Temp1 Q = Temp1

M = Temp1

P = Y + Z Q = Y + Z

M = Y + Z

Temp1 = Y + Z
X = Temp1

(a) (b)Figure 4.2: Example for Code lo
ation problems 
aused by Code insertion4.3 Code motionMany optimizations su
h as loop invariant 
ode motion and partial redundan
yelimination move 
ode from one lo
ation to another lo
ation. When 
ode motion isperformed the 
ompiler updates the sour
e to obje
t and obje
t to sour
e mappings.When a breakpoint is set at a statement S that is moved by 
ode motion then thedebugger 
an map the breakpoint at:1. The obje
t 
ode 
orresponding to the moved statement.2. The obje
t 
ode generated for the statement after the moved statement.3. The obje
t 
ode generated for the statement immediately pre
eding the movedstatement.The 
hoi
e of where the breakpoint is mapped in�uen
es the number of the lo
ationsthat are endangered and non
urrent.
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x = y + z

x = y− z

i = j

z = z + 1

Si :

Sj :

x = y− z

z = z + 1

S2 :

until p

repeat

first time through the loop

repeat

x is noncurrent

Si :

i = jSj :

Code segment 
before optimizations

Code segment 
after optimizations

Noncurrent ranges

i is noncurrent for 

until p
(p is independent of i and j) (p is independent of i and j)

Sj+1 :
Sj−1 :

Si−1 :Si−1 :

Sj+1 :

S1 :

Sk : Sk :

(a) (b)Figure 4.3: Example to show how breakpoint mapping a�e
ts data value problemsWhen the debugger sets the breakpoint at statement Sj in �gure 4.3(b) thebreakpoint o

urs only on
e and all variables assigned in statements S1 to Sj�1 arenon
urrent. When the debugger sets the breakpoint at statement Sj�1 in �gure4.3(b) the breakpoint is triggered expe
ted number of times but variable i is non-
urrent at the breakpoint. If the breakpoint is set at statement Sj+1 in �gure 4.3(b)then the breakpoint is triggered the expe
ted number of times and the variable i is
urrent but, if the statement Sj is the last statement of the basi
 blo
k then thereis no statement after Sj. The e�e
t is summarized in Table 4.1.
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Breakpoint Breakpoint Number of times Endangered Variablesin �g 4.3(a) in �g 4.3(b) breakpoint is at the breakpointtriggeredSj Sj on
e variables assigned in S1 to Sj�1Sj Sj�1 n times variable assigned in SjSj Sj+1 n times NoneTable 4.1: Table showing e�e
t of breakpoint mapping on data Value problems4.4 Instru
tion s
hedulingInstru
tion s
heduling interleaves the obje
t 
ode generated for di�erent sour
e s-tatements. Due to this, the obje
t instru
tions generated for a sour
e statement arenot 
onse
utive. The obje
t instru
tions generated for a sour
e instru
tion are splitinto di�erent ranges and obje
t instru
tions 
orresponding to any sour
e statement
an 
ome in between these ranges. If the user sets a breakpoint on an instru
tionwhose obje
t instru
tions are split into di�erent ranges the debugger fa
es of theproblem of where to map the breakpoint.The debugger 
an set the breakpoint at the �rst obje
t instru
tion generatedfor the sour
e statement or set the breakpoint at the �rst side-e�e
ting instru
tiongenerated for an instru
tion. Generally assignments, fun
tion 
alls and bran
hes aretreated as side-e�e
ting instru
tions. Be
ause instru
tion s
heduling interleaves theobje
t instru
tions 
orresponding to sour
e statements, if we set a breakpoint thenwe 
annot perfe
tly say whether all the instru
tions that have to exe
ute before thebreakpoint have exe
uted and that no instru
tions that have to exe
ute after thebreakpoint has not exe
uted.
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Chapter 5Value 
hange problemSour
e-level debuggers while debugging unoptimized 
ode, allow the value of a vari-able to be 
hanged at debug time. When optimizations are performed it is unsafeto 
hange the value of a variable at some breakpoints in the program. Changing thevalue of a variable at some lo
ations may lead to unexpe
ted and erroneous results.Sour
e level debuggers like Ladebug [3℄ that support debugging optimized 
ode donot allow the value of a variable to be 
hanged when debugging optimized 
ode.When the 
ompiler performs optimizations based on the value of a variable andrelation between the values of variables, the debugger should not allow the userto 
hange the value of the variable su
h that it violates the properties based onwhi
h the optimizations are performed. The debugger has to reevaluate some of theexpressions when the value of a variable has to be 
hanged.Value of variables that are nonresident at a breakpoint 
annot be 
hanged atdebug time. Value of some of the endangered variables 
an be 
hanged at debugtime. Value 
hange problem refers to the problem of �nding whether it is safe to
hange the value of a variable at a parti
ular breakpoint and 
hanging the value ofthe variable without a�e
ting the semanti
s of the program. Allowing the user to
hange the value of a variable requires the 
ompiler to pass additional informationto the debugger. The debugger has to perform additional analysis to 
hange thevalue of a variable. Allowing the debugger to 
hange the value of a variable is usefulin many situations. We enumerate the situations where it is bene�
ial to allow value37




hange at debug time. Some optimizations like 
onstant folding that do not a�e
tdata value problem and 
ode lo
ation problem but a�e
t value 
hange problem.5.1 Advantages of allowing value 
hange at debugtime1. At a parti
ular breakpoint if we know that the value of a variable is 
ausingan error we 
an 
hange the value of the variable and then pro
eed to 
he
k ifthe rest of the program is working 
orre
tly without going through the edit-
ompile-debug 
y
le again. Thus, we 
an redu
e the e�e
tive debugging time.2. Allowing the debugger to 
hange the value of a variable allows us to traverseall paths of the program and 
he
k that ea
h path is working 
orre
tly. Thisis very useful in 
ases where it is di�
ult or impossible to 
hange the inputsso that all the paths are traversed or a parti
ular path is traversed.5.2 Constant propagation and 
onstant foldingIn 
onstant propagation, for all statements of the form x = 
(
 is a 
onstant) the
ompiler repla
es the later uses of x with the value of 
. The statement x = 
 isa 
andidate for dead 
ode elimination. In 
onstant folding all expressions whoseoperands are all 
onstants are evaluated at 
ompile time and the expression is re-pla
ed with the result of the evaluation. Constant propagation along with dead 
odeelimination 
auses endangered variables.Constant folding when applied individually does not a�e
t debugging. When
onstant folding is applied on a 
onstant expression where one of the operand is a
onstant propagated variable we 
annot 
hange the value of that variable. If we
hange the value of a variable that is 
onstant propagated the 
hanged value of thevariable is not re�e
ted in the expression where the variable is 
onstant propagated.When the user wants to 
hange the value of variable that is 
onstant propagated andone of the instan
es is 
onstant folded the debugger has to reevaluate the expression38



that is folded with new value of the variable and repla
e the uses of the 
onstantfolded expression with the 
hanged value.
S1:   X = 38 
S2:   IF(P)
         {
S3:       P = X * 4
         }
         ELSE
         {

         }

 S4:       M = X * Y

S1:   X = 38 
S2:   IF(P)
         {

         }
         ELSE
         {

         }

S3:       P = 38 * 4

 S4:       M = 38 * Y

S1:   X = 38 
S2:   IF(P)
         {

         }
         ELSE
         {

         }

 S4:       M = 38 * Y

S3:       P = 152

Fig 5.1(a) Fig 5.1(c)

Sample code Sample code after
Constant Propogation

Sample code after constant 
Propogation and Constant Folding

Fig 5.1(b)Figure 5.1: E�e
ts of 
onstant folding and propagation on value 
hange problemIn the �gure 5.1, sample 
ode in �g 5.1(b) is the result of applying 
onstantpropagation on 
ode given in �g 5.1(a) and �g 5.1(
) is the result of applying 
onstantpropagation and 
onstant folding on 
ode given in �g 5.1(a). If the user sets abreakpoint before statement S2 and wants to 
hange the value of x at that breakpointthen the debugger has to reevaluate the expression in S3 with the 
hanged value of x.The 
ompiler must pass all the expressions that are 
onstant folded to the debugger.De�nition 5.1 (Constant propagation de�nition des
riptor) Constant prop-agation de�nition des
riptor is a tuple <N,V,Value,
onst-prop-id> where N is theline number of the sour
e instru
tion, V is the variable that is assigned, Value is the
onstant value that is assigned and 
onst-prop-id is the unique identi�er assignedfor ea
h 
onstant propagation de�nition des
riptor.De�nition 5.2 (Constant propagation des
riptor) Constant propagation de-s
riptor is a tuple <N,
onst-prop-id> where N is the line number of the sour
e39



instru
tion for whi
h this is generated and 
onst-prop-id indi
ates the identi�er ofthe 
orresponding 
onstant propagation de�nition des
riptor.For every assignment expression that is 
onstant propagated, we store a 
onstantpropagation de�nition des
riptor. For ea
h expressions where 
onstant propagationis performed we add a 
onstant propagation des
riptor.For all 
onstant folded expressions that 
ontain a 
onstant that is result of 
on-stant propagation, we store the expression and pass on that expression to the de-bugger. If the user wants to 
hange the value of a variable at a breakpoint thenthe debugger 
he
ks if any 
onstant propagation de�nition des
riptors involving thisvariable rea
hes the breakpoint. If su
h 
onstant de�nitions exist then �nd if anyof the instan
es where this is 
onstant propagated is involved in 
onstant folding,if so then the debugger has to reevaluate the expression and repla
e the old valuewith the new value. We use simple global data�ow analysis similar to rea
hing de�-nitions analysis to �nd all 
onstant propagation de�nition des
riptors that rea
h aninstru
tion.If the 
ompiler performs 
onstant propagation and 
onstant folding re
ursivelythen the amount of the information (the number of the expressions that are) neededto be stored grows exponentially. We give an example to show the above 
ase.
x = 5;

p = y * q;

r = p * 2;

y = 10 * 5;

q = 33 * 5;

x = 5;

p = y * q;

r = p * 2;

y = 10 * x;

x = 5;

q = 33 * x;

p = y * q;

r = p * 2;

y = 50;

q = 165;Cp Cf

x = 5;

y = 50;

q = 165;

r = p * 2;

x = 5;

y = 50;

q = 165;

p = 8250;

x = 5;

y = 50;

q = 165;

p = 50 * 165;

r = p * 2; r = 1850 * 2;

p = 8250;

CfCp Cp

Fig 5.2(a) Fig 5.2(b) Fig 5.2(c) Fig 5.2(d) Fig 5.2(e) Fig 5.2(f)Figure 5.2: E�e
ts of 
onstant folding and propagation on value 
hange problemConstant propagation of a 
onstant assignment makes some of the expressions40




onstant expressions and those 
onstant expressions 
an be folded. Some of the
onstant expressions thus folded may lead to 
onstant assignment statement and that
onstant assignment 
an be propagated and this 
hain 
an 
ontinue. For example,in �g 5.2 we show sample 
ode on whi
h 
onstant propagation and 
onstant foldingare repetitively performed. In su
h a 
ase at ea
h 
y
le we have to store all theexpressions that are folded, the pla
es where the 
onstant de�nition is propagated.As the number of times this 
y
le is repeated in
reases, the amount of informationto be stored also in
reases. When the user wants to 
hange the value of a variablethat is involved in su
h a 
y
le the debugger has to reevaluate all the expressionsthat are folded at ea
h stage of the 
y
le.When the user wants to 
hange the value of x before the statement y=50 in�g 5.2(e) the debugger has to reevaluate the expressions y = 10 * x, q = 33 * x,and p = y * q with the 
hanged value of x and repla
e the expressions with the
orresponding newly evaluated value. For this the debugger has to store all the
onstant expressions that are folded.5.3 Copy propagationFor every assignment statement of the form x = y we repla
e later uses of x withy until the intervening instru
tions do not 
hange the value of either x or y. Copypropagation performs optimizations based on the relation between the value of thevariables so the debugger should not 
hange the value of the variable su
h that therelation is violated. Copy propagation a�e
ts value 
hange problem. The debugger
annot dire
tly 
hange the runtime value of a variables that is involved in 
opypropagation. If the debugger just 
hanges the runtime value of a variable that is
opy propagated then the 
hanged value is not re�e
ted in the statements where itis 
opy propagated as the uses of the variable in these statements are repla
ed withuses of another variable.In the sample 
ode shown in �g 5.3 if the user sets breakpoint before S2 andwants to 
hange the value of variable x, just 
hanging the runtime value of thevariable will not su�
e as the 
hanged value is not re�e
ted in statements S2 to S541



S1:   X = Y
        . . .
S2:   use X
        . . .

        . . .

        . . .

S3:   use Y

S5:   def X

S4:   use X

S1:   X = Y
        . . .

        . . .

        . . .

        . . .

S3:   use Y

S5:   def X

S2:   use Y

S4:   use Y

Sample Code Sample code after
Copy Propogation

Fig 5.3(a) Fig 5.3(b)Figure 5.3: E�e
ts of 
opy propagation on value 
hange problemas the uses of x in these statements are repla
ed by uses of y. If the user wantsto 
hange the value of y at breakpoint set after S2, then the debugger should notdire
tly 
hange the runtime value of y as the uses of x in statements S2 and S4 arerepla
ed with y.Compiler gathers more information about the optimizations and propagates thatinformation to the debugger. The additional information is used by the debuggerto 
hange the value of a variable. For all the 
opy statements that are 
ause of
opy propagation, we store the 
opy propagation de�nition des
riptor <N,V1,V2>where N is the line number of the sour
e instru
tion, V1 is the variable that isassigned and V2 is the variable whose value is assigned. For all statements where
opy propagation is done we store 
opy propagation des
riptor <N, Copy-def-id>where N is the line number of the sour
e instru
tion for whi
h this instru
tion is42



generated and Copy-def-id is the unique identi�er for the 
opy instru
tion that isthe 
ause of this 
opy propagation.At a breakpoint, if user wants to 
hange the value of a variable then 
he
k ifthe variable is involved in 
opy propagation. Two 
ases arise �rst, the variable thathas to be 
hanged is the value that is assigned and in the se
ond 
ase the variablethat has to be 
hanged is the variable whose value is assigned. In the �rst 
asefor all the statements where this variable is repla
ed with another variable, 
hangethe statement so that it uses the new and 
hanged value of the variable and 
hangethe runtime value of the variable. The debugger uses 
ode pat
hing to do this. Inthe se
ond 
ase where the variable to be 
hanged is on the right hand side of the
opy statement repla
e the uses of the variable that are 
opy propagated instan
esof another variable with uses of the old value of the variable and 
hange the runtimevalue of the variable.5.4 Common subexpression eliminationIn 
ommon subexpression elimination if a subexpression is evaluated many times inthe program then the 
ompiler evaluates the subexpression on
e, stores the resultin a temporary variable and repla
e the later evaluations of the subexpression withthe temporary variable. Common subexpression elimination a�e
ts value 
hangeproblem. When user wants to 
hange the value of a variable that is involved in a
ommon subexpression the debugger has to reevaluate the subexpression and 
hangethe runtime value of the temporary as well as the runtime value of the variable tobe 
hanged.De�nition 5.3 (
se assignment des
riptor) Cse assignment des
riptor is a tu-ple <N, Id, Temp, V1, ..., Vn> where N is the sour
e line number to whi
h thesubexpression 
orresponds, Id is the unique identi�er value that is assigned to ea
hsubexpression, Temp is the variable that is used to store the result of the subexpres-sion and V1 to Vn are the variables involved in the subexpression.De�nition 5.4 (
se des
riptor) Cse des
riptor is a tuple <N, Cse-id> where N43



is the sour
e line number of the sour
e statement 
orresponding to this instru
tionand Cse-id is the unique identi�er of the 
orresponding 
se assignment des
riptor.For 
ommon subexpression elimination as in 
opy propagation we 
apture theoptimization information in the des
riptors and use that information for 
hangingthe value of a variable at debug time. When subexpression elimination is performedat all instru
tions where the evaluation is done and the result is stored into a tem-porary, we add a 
se assignment des
riptor. At all pla
es where the subexpressionis repla
ed with a temporary variable we add the 
se des
riptor.At a breakpoint if the user wants to 
hange the value of a variable that is involvedin a subexpression the debugger �nds the 
se assignment des
riptor 
orrespondingto the subexpression and reevaluate the subexpression with the 
hanged value of thevariable and update the runtime value of the temporary variable. We use a simpledata�ow analysis similar to rea
hing de�nition analysis to �nd all 
se assignmentdes
riptors that rea
h a point and 
he
k if the variable that is to be 
hanged ispresent in any one of these des
riptors. If the variable is involved in any su
hsubexpression then we reevaluate the subexpression with 
hanged value of x andupdate the runtime value of the temporary. This requires the debugger to reevaluatethe subexpression at debug time.5.5 Code motion transformationsOptimizations like loop invariant 
ode motion, global instru
tion s
heduling and
ode hoisting 
hange the order of exe
ution of the sour
e statements and sour
eassignment statements. Changing the order of exe
ution of the sour
e assignmentstatements 
auses endangered variables. Changing the order of the exe
ution of thestatements a�e
ts value 
hange problem. Code motion moves some statements toexe
ute before the breakpoint. In this 
ase when the debugger 
hanges the value ofa variable the 
hanged value of the variable is not re�e
ted in the statements movedearlier.In �gure 5.4 statements S1 and S3 are loop invariants and hen
e they are movedout of the loop. If user wants to 
hange the value of a variable X at breakpoint44



Loop
{
   S1;

   S2;

   S3;

}

S1;

S3;

Loop
{

}

Bkpt1

Bkpt2

Bkpt3

Bkpt1

Bkpt2

Bkpt3

Code Motion

   S2;

(a) (b)

Figure 5.4: E�e
ts of 
ode motion on value 
hange problemBkpt2 and the variable X is used in S1 and S3 then we 
annot 
hange the valueof the variable as the statements S1 and S3 that have to use the 
hanged valueof X have already exe
uted before the loop. When user wants to 
hange valueof a variable then the debugger has to 
he
k if until the next de�nition of X anystatements involving the use of X have exe
uted out of order if so then the debuggershould not allow the value of the variable to be 
hanged at that breakpoint. We�nd any statement has exe
uted out of order using the sour
e exe
ution order andobje
t exe
ution order as des
ribed in se
tion 3.2.3.
45



Chapter 6Testing the framework, 
on
lusionsand future workWe developed a simple optimizing 
ompiler and a simple sour
e-level debugger forprograms written in C to show that allowing value 
hange at debug time whiledebugging optimized 
ode is viable. The sour
e-level debugger has support fordebugging optimized 
ode. The debugger has support to 
hange the value of avariable while debugging optimized 
ode.Instead of designing a 
ompiler that generates obje
t 
ode for some ma
hine anddesigning a sour
e-level debugger for that ma
hine, we developed an interpreter foran intermediate format and built a sour
e-level debugger on that interpreter. Theoptimizing 
ompiler 
ompiles and optimizes the program and outputs the interme-diate format for the optimized program.6.1 Development environmentWe developed the debugger and the optimizer in the following environment.� Ma
hine : Pentium II ma
hine� Operating system : Red Hat Linux with kernel 2.2.5-15� Languages Used : C++ 46



� Tools Used : SUIF 
ompiler system version 1 release 1.3.0.1, Ma
hine SUIFversion 1.6.2 Optimizing 
ompilerWe use SUIF 
ompiler system for developing the optimizing 
ompiler. The SUIF
ompiler system is a �exible framework for advan
ed 
ompiler resear
h [1℄. TheSUIF system is organized as a set of 
ompiler passes built on top of a kernel thatde�nes the intermediate format 
alled SUIF IR.

(along with optimization information)

SUIF Driver

Optimizer

C Programs

SUIF IR(Optimized)

SUIF IR(Unoptimized)

Figure 6.1: Stru
ture of Optimizing CompilerOur optimizing 
ompiler shown in �gure 6.1 �rst uses SUIF 
ompiler and 
onverts47



the input C program into its equivalent SUIF IR. The optimization pass performsoptimizations on SUIF IR and appends the optimization information that has to bepassed to the debugger.The SUIF IR is a �exible Intermediate format. There are various levels of SUIFIR, at the higher level it is present as an abstra
t syntax tree and at the lower levelit is present as straight-line 
ode. The instru
tions present in SUIF IR at the lowerlevel are similar to a simple RISC instru
tions. We 
an add annotations to variousobje
ts like instru
tions, variables et
. The optimizations information that is tobe passed to the debugger is added as annotations to the SUIF instru
tions. Theoptimizing 
ompiler �nally outputs the IR of the optimized program along with theinformation that has to be passed to the debugger.The 
ompiler performs the following s
alar optimizations:1. Constant folding2. Constant propagation3. Copy propagation4. Dead 
ode elimination5. Common subexpression elimination6. Loop invariant 
ode motion7. Unrea
hable 
ode eliminationEa
h optimization is performed as a separate pass on the IR. All the s
alaroptimizations need some data�ow information. We use 
fg library and dfa libraryprovided by Ma
hsuif pa
kage to do the ne
essary data�ow analysis. Ma
hsuif [16℄is a pa
kage that 
an be used with SUIF to perform ma
hine spe
i�
 optimizations.6.3 DebuggerWe developed an interpreter for SUIF IR. We 
onvert a C program into SUIF IRand the IR is interpreted using the interpreter. The debugger is built on top of the48



interpreter. The debugger takes SUIF IR and debugs the program. The debuggerprovides basi
 fun
tionalities of a sour
e-level debugger. The fun
tionalities providedby the debugger are:1. Setting and removing breakpoints2. Displaying the sour
e-level value of the variable3. Changing the value of a variable at debug time4. Single stepping5. Displaying 
all sta
kThe debugger does not have full support for 
hanging the value of a variable.The debugger identi�es whether it is safe or unsafe to 
hange the value of a vari-able at debug time. In some 
ases when a variable is unsafe for value 
hange, thedebugger 
an perform some evaluations and allow the value of the variable to be
hanged. This 
ase o

urs when some optimizations like 
opy propagation and 
om-mon subexpression elimination are performed. The debugger is not able to handleasyn
hronous breaks.6.4 Sample Exe
ution of the debuggerIn this se
tion we give two examples showing how the debugger debugs optimized
ode. In the �rst example we show data-value problems and how the debuggerresponds to them. In the se
ond example we 
on
entrate on 
ode lo
ation problem.Example 1In this example we show data value problems 
aused when 
opy propagation andloop invariant 
ode motion are performed. Copy propagation and loop invariant
ode motion are performed on 
ode in �le Unoptimized_ex1.
 to give 
ode in �leOptimized_ex1.
. The statement p = q at line number 12 is 
opy propagated and thelater uses of p are repla
ed with q. Use of p in line number 14 is repla
ed with q. The49



statement x = p + 234 is repla
ed by x = q + 234 and is moved out of the loop byloop invariant 
ode motion. Optimizations are applied on the �le Optimized_ex1.
to produ
e the SUIF IR �le Optimized_ex1.spx. The �le Unoptimized_ex1.spx isSUIF IR representation �le generated for Unoptimized_ex1.
.Unoptimized_ex1.
1 int main()2 {3 int i=0;4 int j=34;5 int p=23;6 int q=1;7 int x=12;8 int m;910 for(i=0;i<10;i++)11 {12 p = q;13 j++;14 x = p + 234;15 p = j + 769 * 45;16 m++;17 printf("\nValue of I is :%d\tValue of m is :%d",i,m);18 }19 }Optimized_ex1.
1 int main()2 {3 int i=0;4 int j=34;5 int p=23; 50



6 int q=1;7 int x=12;8 int m;9 x = q + 234;10 for(i=0;i<10;i++)11 {12 p = q;13 j++;14 p = j + 769 * 45;15 m++;16 printf("\nValue of I is :%d\tValue of m is :%d",i,m);17 }18 }When we set a breakpoint at line number 13 and ask the debugger to display thevalue of x then it displays the value of x and says x is non
urrent as the expe
tedvalue is di�erent from the a
tual value. At the 
urrent breakpoint we 
annot 
hangethe value of x as the statement x = p + 234 is exe
uted before the breakpoint.Similarly, we 
annot 
hange the value of p as it is 
opy propagated and the lateruses of p are repla
ed by use of q. When we set a breakpoint at line number 16 thenthe debugger shows that the variables x and p are 
urrent and the 
hange of valueof p is allowed.Debugging of Optimized Code$ debugger Optimized_ex1.spxdebugger> breakline 13The Breakpoint Number is : 1The Line number where the bkpt is set is : 13debugger> 
ontinueThe breakpoint number : 1 at line number :13 is triggereddebugger> display xThe value of the variable x is :235The variable is non-
urrent due to loop invariant 
ode motion51



debugger> display pThe value of the variable p is :1The variable is 
urrentdebugger> 
hange p 34Request to 
hange value of variable p with value :34
hanging value of the variable is unsafe due to 
opy propagationdebugger> 
hange x 23
hanging value of the variable is unsafe due to loop invariant 
ode motiondebugger> breakline 16The Breakpoint Number is : 2The Line number where the bkpt is set is : 16debugger> 
ontinueThe breakpoint number : 2 at line number :16 is triggeredThe value of the variable p is :34640The variable is 
urrentThe value of the variable x is :235The variable is 
urrentdebugger> 
hange p 0Request to 
hange value of variable p with value :0The variable is 
urrentThe value of the variable is 
hangeddebugger> 
lear_line_breakpoint 13The break point at line :13 is 
leareddebugger> 
lear_line_breakpoint 16The break point at line :16 is 
leareddebugger> 
ontinueValue of I is :0 Value of m is :1Value of I is :1 Value of m is :2Value of I is :2 Value of m is :3Value of I is :3 Value of m is :4Value of I is :4 Value of m is :552



Value of I is :5 Value of m is :6Value of I is :6 Value of m is :7Value of I is :7 Value of m is :8Value of I is :8 Value of m is :9Value of I is :9 Value of m is :10Program Exe
ution is 
ompleteDebugging Unoptimized Code$debugger Unoptimized_ex1.spxdebugger>breakline 13The Breakpoint Number is : 1The Line number where the bkpt is set is : 13debugger>
ontinueThe breakpoint number : 1 at line number :13 is triggereddebugger>display xThe value of the variable x is :12The variable is 
urrentdebugger>display pThe value of the variable p is :1The variable is 
urrentdebugger>
hange p 34Request to 
hange value of variable p with value :12The variable is 
urrentThe value of the variable is 
hangeddebugger>
hange x 23Request to 
hange value of variable x with value :23The variable is 
urrentThe value of the variable is 
hangeddebugger>breakline 16The Breakpoint Number is : 2The Line number where the bkpt is set is : 16debugger>
ontinue 53



The breakpoint number : 2 at line number :16 is triggeredThe value of the variable p is :34640The variable is 
urrentThe value of the variable x is :246The variable is 
urrentdebugger>
hange p 0The variable is 
urrentThe value of the variable is 
hangeddebugger>
lear_line_breakpoint 13The break point at line :13 is 
leareddebugger>
lear_line_breakpoint 16The break point at line :16 is 
leareddebugger>
ontinueValue of I is :0 Value of m is :1Value of I is :1 Value of m is :2Value of I is :2 Value of m is :3Value of I is :3 Value of m is :4Value of I is :4 Value of m is :5Value of I is :5 Value of m is :6Value of I is :6 Value of m is :7Value of I is :7 Value of m is :8Value of I is :8 Value of m is :9Value of I is :9 Value of m is :10Program Exe
ution is 
ompleteExample 2In this example we 
onsider how breakpoint mapping is done while debuggingoptimized 
ode. Constant propagation and loop invariant 
ode motion are appliedon 
ode in Unoptimized_ex2.
 and it is transformed to 
ode in optimized_ex2.
.The statement x = 5 at line number 14 is 
onstant propagated and the use of x inline number 16 is repla
ed with 5. The statement p = x * y whi
h is repla
ed by p =54



5 * y, is moved out of the loop by loop invariant 
ode motion. We give the exe
utionof the debugger for the optimized and the unoptimized versions of the program.Unoptimized_ex2.
1 int main()2 {3 int i=0;4 int x=0;5 int y;6 int z=34;7 int p=-1;8 int q=34;9 int m=43;10 int j=1;1112 while(i<10)13 {14 x = 5;15 i+=2;16 p = x * y;1718 x = m;19 q = x + z;20 m = q + i;21 j *= 2;22 }23 printf("\nThe value of i is :%d\t value of j is :%d\n",i,j);24 }Optimized_ex2.
1 int main()2 { 55



3 int i=0;4 int x=0;5 int y;6 int z=34;7 int p=-1;8 int q=34;9 int m=43;10 int j=1;11 p = 5 * y;12 while(i<10)13 {14 x = 5;15 i+=2;1718 x = m;19 q = x + 34;20 m = q + i;21 j *= 2;22 }23 printf("\nThe value of i is :%d\t value of j is :%d\n",i,j);24 }When a breakpoint is set at line number 17 in the sour
e program the breakpointis exe
uted on
e before entering the loop and on
e for ea
h iteration the loop bodyis exe
uted. When the breakpoint is triggered before entering the loop, the variablesi and x that are assigned in the loop before line number 17 are reported as non-
urrent as they do not have the expe
ted values. When the breakpoint is triggeredinside the loop the variables x and i have the expe
ted values and are reported as
urrent. As the loop is exe
uted 5 times the breakpoint is reported 6 times. Whenthe unoptimized 
ode is exe
uted the breakpoint o

urred the expe
ted number oftime. The �le Optimized_ex2.spx1 is the SUIF IR �le for the optimized programOptimized_ex2.
 and Unoptimized_ex2.spx1 is the SUIF IR for the unoptimized56



program Unoptimized_ex2.
Debugging Optimized 
ode$debugger Optimized_ex2.spx1debugger> breakline 17The Breakpoint Number is : 1The Line number where the bkpt is set is : 17debugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggereddebugger> display xThe value of the variable x is :0The variable is non-
urrentdebugger> display iThe value of the variable i is :0The variable is non-
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :2The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :4The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :6The variable is 
urrentThe value of the variable x is :5 57



The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :8The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :10The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe value of i is :10 value of j is :32Program Exe
ution is 
ompleteDebugging Unoptimized 
ode$debugger Unoptimized_ex2.spx1debugger> breakline 17The Breakpoint Number is : 1The Line number where the bkpt is set is : 17debugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggereddebugger> display xThe value of the variable x is :5The variable is 
urrentdebugger> display iThe value of the variable i is :2The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggered58



The value of the variable i is :4The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :6The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :8The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontiueThe breakpoint number : 1 at line number :17 is triggeredThe value of the variable i is :10The variable is 
urrentThe value of the variable x is :5The variable is 
urrentdebugger> 
ontinueThe value of i is :10 value of j is :32Program Exe
ution is 
omplete6.5 Con
lusionsWe 
on
lude that it is viable to allow the value of a variable to be 
hanged at debugtime. The 
ompiler has to store some additional information about the optimiza-tions and pass that information to the debugger. The debugger has to perform59



some additional 
omputation at debug time. The time taken for additional 
ompu-tations is negligible when performing intera
tive debugging. With a small degree ofinvasiveness we 
an allow value 
hange at debug time.6.6 Future workAll the variables that are reported as suspe
t 
an be 
lassi�ed as either 
urrent ornon
urrent if we have the information of the exe
ution path that is followed by theprogram. This improves the response of the debugger. We 
an extend the approa
hso that the debugger gathers dynami
 information of the path that is followed bythe program and performs some additional analysis at debug time.The s
ope of the optimizations that we 
onsider is less. One 
an extend thisapproa
h for many more optimizations like software pipelining, loop transformationset
.When we are unable to 
hange the value of a variable we 
an give improvedresponse to the user indi
ating why we are not able to 
hange the value of a variable.This requires little more analysis on part of the debugger.If the debugger allows a degree of invasiveness then improved response 
an begiven to the user and the value of a variable 
an be 
hanged at many more lo
ations.We 
an extend this approa
h allowing a degree of invasiveness.
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