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1. fork(): By executing the primitive fork () in a C-program, the involved process makes
a system call to the kernel through the POSIX API asking the it to create a new process
(child process). The new process starts its execution from the instruction statement
that is just after the fork () system call that created it. At the same time, the primitive
fork() returns a value n of type pid_t. The parent process will have the value n > 0
(equal to the PID of the created child process), whereas the created child process will j
have n =0. If n = —1, then fork () has failed its execution. g’;iiff:;;’ngggi‘%iugfgbﬁ?;%

SEBURNTHE , 2RBWR0

2. getpid(): This primitive returns the value of the PID of the process that executed it.
Recall that each process has a unique identification number called PID (Process IDen-
tification number) that is used by the system to identify the process.

3. getppid O: This primitive returns the value of the PID of the parent of the process that
executed it. Recall that each process has a parent process that created it (Except init
which has PID=1).

4. exit(v): Terminates the process which executes the primitive and returns to the par-
ent process a one-byte integer value contained in the value of v.

5. wait(&status): When executed by a parent process, the later waits for its child pro-
cess termination notification. When a child process terminates, the primitive wait ()
returns the PID of the child process which terminated. Also, it returns from the address
status (&status), the value sent by the exit primitive (see the value of v in exit ()) and
the cause of the termination of its child process (all in one-byte). Basically, the most
significant byte contains the value of v, and the less significant byte carries the cause
of the termination. You can use the macro WIFEXITED (status) to retrieve the cause (1
normally terminated, otherwise abnormally terminated) and WEXITSTATUS (status)
to retrieve the value of v. Finally, if there is no child to wait for, wait () returns -1.
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Using (Begin-End) for sequential executions and (ParBegin-ParEnd) for parallel exe-cutions, give the pseudo-code for
the following PPG (Process Precedence Graph), whereSOQis the first instruction statement:

begin

<o 5
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Begn S Sy End
Begtn
2
CoBegin S 6 55T CoEnd
58

CoBegin  So , S 10 Cobnd
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Begin 43 5 Sy Trd
Co Ewdk
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Draw a precedence graph (a.k.a., dependency graph) that reflects the parallelism in
the following code. Recall a precedence graph is a directed graph in which the nodes
(vertices) represent processes and the edges represent the causal relation between two
processes. If an edge exists from process node P; to P; then the process P; must start
executing its code c; only when process P; finishes executing its code c;. Also we use
the notation ParBegin and ParEnd to indicate a block in which program codes (or in-
structions) must run in parallel. Another alternative notation that can be found in the
literature is CoBegin and CoEnd for concurrent begin/end.

- Co——T—
Begin
Co; \)\
/ Y Ce

ParBegin
ci; Cy
Begin

€7

C2; C‘Z

C3;

Cy; é/
End Cq

Cs;

Cx Cs
Cz
P
e C%\q /
Co; A
Cw

End
ParEnd

C10;
End

Complete the following program code to reflect the process precedence graph shown
below (where c; refers to the code-i). This code basically consists of creating two pro-
cesses in parallel: the first process executes program P; and the second process exe-
cutes program P,. You should use one semaphore for that.

©O—

- 0O ]
Begin Semaghove S=0,
ParBegin Pi; P,; ParEnd
End ? o ?.l . , CS)
. CGuire y
Program P: Program P,: COJ& | J o lqu 5
Begin Begin v elease(S) CDJ‘ . l)
code; codey;
End End
. Complete the following program code to reflect the process precedence graph shown

below (where c; refers to the code-i). This code basically consists of creating two pro-
cesses in parallel: the first process executes program P;, and the second process exe-
cutes program P,. You should use semaphores for that.

@ @ @

Begin -9 % $2:9;
ParBegin P;; P,; ParEnd Semathove 6,20 5 575
End 3 - T
Program P;: Program Py: Code s 5 ocquire CSi);
Begin Begin velease (S)) Code > )
codey; codey; ocquive (52); veleate C$s);
codes; End

End cede 35



7. Modify the following code (using two semaphores) so that the two programs P; and P,
execute alternatively (i.e., ..., P1, P2, P1, Py, P1,... with P; being the first to start execu-

—> 2B 5 Semapve RI @
Lo R 0

X

tion.
Begin
ParBegin P;; P,; ParEnd
End
Program Pq: Program P;:
Begin Begin
while (true) {code;;} while (true) {code,;}
End End
QQW\&?\AQVL X=13 {=9,
8\ - B
while Cttue) { while Ctrue) g
CLCC{MPVQ T X)) elquive C\‘j )y
Codel code 2}
velear Q) velease C1);
3 3
\
Cemaghore xzd3 Y=90>
T e)— :
while Ctrue) £ vhilk Cue) §

Code. | y ocquire C4);
veleate C Y )] cofe > y
Qct:lu{ve x); \fele,q.sgo()j
3 3
Bodn ] BB A, Ledfd & 5 R, PP R
Semathore XZo; =2,
‘?l - ?;_ N
\,J«.‘le Ctruey £ while Cfrue) %
Code | oCguire € Y
Yeleate (4)5 Code 2
acquire (X)) velesse (1)
ydesse (4) 5 3
CLCﬁimllr( C)()J'
’ J
Qemfkm- X=X q4=-
T T2

w‘aile Ctrue)

alquive CY))
G4

5

telease CX)

yelease GO 3

oCquik @
o AQ

while (€rue)

{

q_cq'm\—a Cx) 5

CQAQ -)-)

releate CY ,)J



10. Write the program code that reflects the following precedence graph using six processes
Py,..., Pg each executing its dedicated code cy, ..., ¢s. You are required to use only three
semaphores (A bonus is offered to students who solve the problem with 2 semaphores).
Sedpores

C1

OO

@—

Semahore X=0, {0 ; Z=°;

1 % ¥ i
C Y(x) ) Re)
v(iX), Ca Cy Cy
v, v (Y) vay) V()
v,

R4
() = Gletion b4 - B Comnthie B bonus BE
Rz

b

XCY
<Cy)

Ve



A\‘gsi ay\Vv\e\/\{ % -

10. Write CoBegin/CoEnd code for the following precedence graph. Make your program
express as much parallelism as possible within the limitations of CoBegin/CoEnd, while
being sure to enforce all the constraints that are in the precedence graph. (The best so-
lutions introduce two or three extra precedence edges. Try to find one of them.)

e @ @

A |
® @@ <@

~_

Co Begfv\
Ay
Bel\:];h
CoBegn Ci, Ca CoEBnd S
CoBegn Cy ,cu, C1,cq CoBrd
’E—uJ
Co Trd
Co Begin _
SC\T Co—’ C%‘@%Lé% :
%QSCV\ ﬂ&;\; 2@; ‘
C_'o ge@;" /7
Begn  Co, Car Cu End
Besyn Cx, Cg Ewd
Colnih
c Co @e@.‘w
End @
CDEN}\ %ﬁsfvx
(o @a@“n
B&ﬂ\-m
C
CoRegin C3 3 Cy G E—MJ v
E'twk
gﬂj{h Cx; (g Zwol
Colnik
C
'E'u}\’(

o



M otfel-wx l

2. Use Begin/End and CoBegin/CoEnd programming constructs to write code matching

this precedence graph [6 points: 1pt for each block].

99
be

Begiw’
Glegin
‘75 =7
R Besin
E’E—L@) Cbgea%
?i/%\ ?5%.’&’ Begin  Tv, Ty Ewnd
= {2
?T":-k— l:;\ Colnd
Bé‘?f&" ) icy
o\
i |,
e

?(*’7?‘@) Ek(}\

M((,“Cel-m 2

P ©
e

N Usir@ X, X, 2 Cthiree Semaphives) 15

Semathwra X =0  X:d 3y Z=oj

T % 1
C Cxy Cg
VX)), v ve2)
Tu. Pr '?6:
RCx) RCy); C2)
Cy TC9)) )
vyl T &
v Cz),

SHD F npgl, £ VRG] TA it
P~ SUGEEZ A
Use semathore x=0; Y=-|; 2:=0 ;
¥¢r , Vo & -7 frocess RRHE W ~-2

1 - T
Code | code2 ;
 x); vty
Ts- Yy
tx) T
CoolQ. 3 C,oAQ‘f
Vi) vy
% :
vCY)

Codke D]
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' £ 5 B3R
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4 N\
A
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2
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Meed 22 walk C;K}%;i‘;) = > Lanker vetuwn felee
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. ~ Bpak 47, A2 8% TAH LRI LB2 2T maENT L
*
=)
work 4= All ocutiom T Rg , e A /ﬁz‘\M fWQJﬁ_éeﬁgéfﬁ%%%fﬁ%ﬂ&\ﬂﬁzﬁ\g AR% H
Tk D) = AFue \_/-/ &, WM EF-T
Bomile :  maidterm | Nead [« Sefe  sequence
Allocation Max Available A 2 c (?o cowork = (L, T, 3, 7—1
ABCD ABCD ABCD . o o o LT
Ph 0012 0012 1520 o ?fé‘“’“\‘" CLtb L, ]
P, 1000 1750 %W o 7T I = =7 T work = Ll)l\)L)%j
P, 1354 2356 G -
P; 0632 0652 | 0 ° 2 U weries L34, H;‘g\]
Py 0014 0656 B o © L o C_;QL,(“.WD\»V—* L2, 1k, (2, (ﬂ
4 © & % 2

2“%\ Yequest (O, %, 2, 0) qrant 57
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Dendlock.  Detection

[_\[ﬂ@,{el«m :
[ LQ{ work  eand [:im's\« Le vectors Q\-f (ev\@-eL m ond lre.s?ec-é.‘udy
Such  that work = Avadable
W o Allocaton @ #o0o, AP iy TN ‘Ea[sa) elie €inish Cils Hue

2. Fid o i lenCEinsh): A A TRET A4S
l‘:f Requesk 1 7 work: # 12 45 4448 Y LR 4R
Lveak)' .
Egh[il = Shue ADBOE LT 3BT, WRB LD
work = work t Allocetion A Lﬁ*—%%‘faii, :{»—J\V&@_ﬁ’ziﬁ-
Bl o Funl # AAE NS LE LB AL TEZA, TerdrR K, €8 hequesk
vetun deadbet A 2 HR, olead loce.
else :

Yeturn  desdlock -["et
Browde , Midterm 2

3. Consider the following snapshot of a system:

Allocation Request Available
WXYZ WXYZ WXYZ
Py 0100 0000 0000
P, 2002 2022
P, 3033 0000
Py 2112 1001
Py 0020 0020

Answer the following using deadlock the detection algorithm:

_o5 Sde squence
3.1. Is the system in a deadlocked state? Explain your answer by showing a possible
order of execution for the processes [2.5 points].

The system is not in a deadlocked state. To prove that, we need to find a safe sequence:
Considering the available resources (0 0 0 0) and the request of each process, we see
that we can start executing process Py which will return (0 1 0 0), which increases the
number of available resources to (0 1 0 0). Then we can execute P, so available be-
comes (3 13 3). Then P3, so available becomes (5 2 4 5). Then P4, so available becomes
(5 2 6 5). Finally, P, can be executed, and available becomes (7 2 6 7). Hence, a safe
sequence exists < Py, Py, P3, P4, Py >.

3.2. Now, consider that process P, requests one additional instance of resource type W
and one additional instance of resource type Z. Will the system be in a deadlocked state
(Explain your answer)[1.5 points]?

By requesting more resources, the request array for process 2 becomes (1 0 0 1). By
running the previous algorithm, we see that we can still run process Py and get back
one instance of resource type X. So available becomes (0 1 0 0). With this amount of
resources, we cannot execute the other remaining processes. Hence, the system isin a
deadlocked state.
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source

program

compiler or compile
assembler time

object
module
other
object
modules
<
linkage
editor
load \ load
module time
system
library
loader
dynamically )
loaded
system -
librar :

y . Mooty execution
Qyn_amlc binary L time (run
linking memory time)

image
>y

¥ 1;[\ addvess )‘,{n&:\'\j '\‘infsl\ ot
C°”"'("‘l‘ Time oV (s Eime , £hen
[ogieal  Lddvess = ?kd seel  oddress

A If oddiecs  Liding  finish o
time ,  €hen Io@ich cdedress
addrecs

execution

‘. = ?l'\ﬁS\\cu'

{ Yom wme

syace ~+to cmethe—

oJJwg
I=H=N=I

—Puser programfE fx ex Ex V) ZHEIIT 2

8], 27T ZMMEL, addressEHARIE
LI ERRR, fEsource program®,
address—R% 2 LE B symbolic#(such as
count). ZA5% T compilerf9BH E%, compiler
SbindiXtsymbolichIthiitto relocatable
addresses (such as “14 bytes from the
beginning of this module”). The linkage
editor or loader will in turn bind the

relocatable addresses to absolute
addresses (such as 74014).

Classically, the binding of instructions and data to
memory addresses can be done at any step along
the way, {ZitEMIAAE FE/LTHEFHEE—T
SThX:

Compile time(Zg1FATER): If you know at compile time
where the process will reside in memory, then
absolute code can be generated. For example, if you
know that a user process will reside starting at
location R, then the generated compiler code will
start at that location and extend up from there. If, at
some later time, the starting location changes, then it
will be necessary to recompile this code.

Load time(Z A\BTHR): If it is not known at compile
time where the process will reside in memory, then
the compiler must generate relocatable code. In this
case, final binding is delayed until load time. If the
starting address changes, we need only reload the
user code to incorporate this changed value.

Execution time(#f1TAJ8R): If the process can be
moved during its execution from one memory
segment to another, then binding must be delayed
until run time. Special hardware must be available for
this scheme to work, as will be discussed in Section
7.1.3. Most general-purpose operating systems use
this method.



Dynamic  Looding ZaE 0

BRFSBEREFEE#RZ L, inarelocatable load format. FREF RSB LB MBIENZT, HERIT, WRIRNEFEERITS—11E
%, the calling routineEEH LB X MEIUERNEFEXEEEFEME T, WRLZEHIMERIE, relocatable linking
loader=2 W 1TH BRI M2 FAloadiEmemory, AEE FiprogramiYaddress table, fAEIEHIRAEIFTHRNIER

Is a software mechanism in which modules referred in a given program are loaded into the main memory only when
being used.
being used.

Skoctic | ing %{?@3}5 VS D yramic Linkn‘»j faksd it

o FFE:

m statically-linked library is a set of routines, external functions and variables which are resolved
in a caller at compile-time and copied into a target application by a compiler, linker, or binder,
producing an object file and a stand-alone executable

n FOEEME, ERETBNREE, EEFERNBEPOABENETRITIXHEFR., BRREZME
FRINHNT, AERNBERTR—TEXH, XEAFPMEREBETSESHRERIER, ERAE
R,

o lu\ ?SI

» SRR, RERFENTRZTBERNEBRARTE, NTR—TeE#EE, TS0
BFAEER, AFPHIRIE—THSENEIER, SSEABREAEFER, RAMIBERLA
7, XEFEDTNAREFYAFNER, iSBRER—MEFRR, NMIANESTHITHN
8, BELESEMERNTE XNEENRIR, AT EXHERTE.

= With dynamic linking, a stub is included in the image for each library- routine reference.
The stub is a small piece of code (stubRFEMEMIE? ? stubRFERFEE, HXTERF
ZEEMEIsystem libraryfJBHR, fth3tFsystem libraryfreferencefia B &iX{ stub) that
indicates how to locate the appropriate memory-resident library routine or how to load the
library if the routine is not already present. When the stub is executed, it checks to see
whether the needed routine is already in memory. If it is not, the program loads the routine
into memory. Either way, the stub replaces itself with the address of the routine and executes
the routine. (FfLA, BB—1PHEEIXPsystem libraryfF2FRIBIX P system library routineZ5 N %
HAEFEEM, ﬁ’fi"F—/l\i'fﬁEﬁ’Psystem libraryfIfZFMABEEZEME T) Thus, the next time
that particular code segment is reached, the library routine is executed directly, incurring no
cost for dynamic linking.

m Under this scheme, all processes that use a language library execute only one copy of the
library code.

» SERRERNEXRRET ENERH, MR—TEEHT, {EAdynamic linkingf REARRZEIRAHN
o0, %%’PEF%T‘run timefOBHMEZ EZRIE, {BERWRstatic linking, ERIFNIMERMER
HERIE, SiEM—EREMM, EXall such programs would need to be relinked to gain
access to the new library. Other programs linked before the new library was installed will
continue using the older library. This system is also known as shared libraries (ZhSEIEREE)

o FHEAMMRE, —MEHFTHHE, HIRBMARNS T E2HEERENMFINREXHE. 5—ME
iSHHE, TREZNAITHEZ, SRESINXHNATERENERF, MERETERO., SHZME
AT RAT XA ERITRRMRIZER B EZSHIN B AZINE S, 5HFARMNEFSEIELEX IS mEN
312, ANMERENTIELEEETIIXGERT . XETUERZESEZERNXGEERN—
L, BATERNSZELMIILRERNEXHET, XEEMERERGMLTN. (SEER)
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o Base register: Holds the smallest legal physical memory address \% g »—e@“s-keu%* IR
NI :

o Limit register: Specifies the size of the range begieter %\}a ~T I&#} ELigd
= Example: If the base register holds 300040 and the limit register is 120900, then the programg\] ﬁé

can legally access all addresses from 300040 through 420939 (inclusive). BaseFILimitfI{ET F&
THIZEZ —HFRI?

» X register#f AR MR BRIER TN, EMERABRERARE S UEXHME

o Alecpusituser modeEEMregisterE BB — Kb HITIHE, RENER—FKEEEaccess os
FEE5userfImemoryfIEE L XM 2F#H Nerror

o Having the CPU hardware compare every address generated in user mode with the registers.

base base + limit

address es es
CPU 2 L < y

no no

trap to operating system
monitor—addressing error memory

o BENTFoskKik, ERBRSMNE, EeEZAIRFIAIAEos memoryFluser memory, ihlauser
memory;g A 7 #Buser programpiEiiFuser memory
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Assigament  T-

6. The following sequence of virtual memory references is generated when a program is

executed. Each memory reference is a 12 bit number written as three hexadecimal
dlgltS ﬁﬁ‘f‘h%\i %’r Teqe ﬁﬁ MemdRy VE..{OVGV\LQ_

I
(%19, 0x01A, 0x1E4, 0x170, 0x073, 0x30E, 0x185, 0x24B, 0x24C, 0x430, 0x458, 0x364

(a) What is the reference string, assuming a page size of 256 Bytes? The definition of .
reference strings is given at the end of textbook section 9.4.1. -\ 28 byte — BAR o AL

B bit A& oddress F K& ] Tue offet,
If a page has a size of 256 byte, this implies an offset of 8 bits. Considering our logical £4 o b 5%\

addresses that are on 12 bits, 4 bits remain from the MSB (Most significant bits) to 4, @#bl& 1 L
encode the page number [1pt]: % teje numbon

0x019, 0x01A, 0x1E4, 0x170, 0x073, 0x30E, 0x185, 0x24B, 0x24C, 0x430, 0x458, 0x364 /
which becomes:
001,1,0,3,1,2,2,4,4,3
which becomes:
0,10,3,1,2,4,3[1pt]

ée‘ .‘waeJu‘o-(e occess 4% {t_\):%]

(b) Find the page fault rate for the reference string in part (a): assume that 2 frames of
main memory are available to the program and the FIFO page replacement algorithm
is used. Note that the page fault rate is calculated as “number of page faults” divided by
“number of virtual memory references used to form the reference string”.

0/{0//0]|3|[3||3]||4]||4
11 /1}1] 12| |2||3

N N O S ) s e
I Page fault
—= No page fault

iy St on [ \—e{e»euoo., Jrga%%_ 3;%,{&,%5_@
/\ ,@4\ w.-kyence, Seguence.

[2pts] for explanation (e.g., drawing)
We have a total of 6 page faults on 12 references. This give a rate of 6/12=50% [1pt].
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6. Consider the following producer-consumer problem: A customer enters a fast food to
grab K = 1 hamburgers and leave. If no hamburger is available (N==0), the customer
waits in a queue. Customers can enter the shop at anytime and stand in the queue if no
hamburger is available. A cooker, prepares S = 1 hamburgers at a time then randomly
chose a customer to grab some hamburgers. The selected customer may not be the
right customer l.e., if the number of available hamburgers is less than what the cus-
tomer needs, the customer needs to go back into the queue. Complete the following
code so that customers can get their food and leave the store.

Monitor M

{
Condition Variable: Q;
Integer: N=0;
Cook_hamburgers(Integer S) Grab_hamburgers (Integer K)

{ { x skt 53 E O BERAEL.
N = Nt S) while Chon) g i, PEF
Q . Notify Atle =Nk
} }
}
Customer () Cooker ()
{ {
while(1)
{
M.Grab_humburgers(Integer K); M.Cook_hamburgers(Integer S);
Leave(); Look_at_customers();
}
} }

You don’t have to worry about the two functions: Leave () and Look_at_customers().
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The heap is a region of your computer's memory that is not managed automatically for you, and is not as tightly managed by the CPU. It is a more free-floating region of memory (and is larger). To allocate memory on the heap, you must use malloc() or calloc(), which are built-in
C functions. Once you have allocated memory on the heap, you are responsible for using free() to deallocate that memory once you don't need it any more. If you fail to do this, your program will have what is known as a memory leak. That is, memory on the heap will still be set
aside (and won't be available to other processes). As we will see in the debugging section, there is a tool called valgrind that can help you detect memory leaks.

Unlike the stack, the heap does not have size restrictions on variable size (apart from the obvious physical limitations of your computer). Heap memory is slightly slower to be read from and written to, because one has to use pointers to access memory on the heap. We will talk
about pointers shortly.

Unlike the stack, variables created on the heap are accessible by any function, anywhere in your program. Heap variables are essentially global in scope.

Stack vs Heap Pros and Cons

Stack

« very fast access

« don't have to explicitly de-allocate variables

« space is managed efficiently by CPU, memory will not become fragmented
+ local variables only

« limit on stack size (OS-dependent)

« variables cannot be resized

Heap

« variables can be accessed globally
« no limit on memory size
« (relatively) slower access

« no guaranteed efficient use of space, memory may become fragmented over time as blocks of memory are allocated, then freed
+ you must manage memory (you're in charge of allocating and freeing variables)
« variables can be resized using realloc()
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Void Main (int argc, char *argv[])
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char *t, *c;
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t = (char *) malloc(3);

= (char *) mall 0);
strcpy(c,"legitimate command")
strcpy(t, argv[1]);
system(c);
return;,
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Void Main ( )

{
int ¢ = 0;
int *p;
p = (int*) malloc(sizeof(int));
free(p);
)
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1 #include <stdio.h>

2

3 void main ()

4{

5 1int a;

6 1int b = 100;

7 prlntf( Input value that is less than 10 if you want to win:\n");
8 scanf("%d", &); —> D

o 1f(a*b<c1000) ®R oR R LEIE - whay
10 {

11 printf("You won: %d dollars.\n",a*10);

12

13 else

14 {

15 printf("You lost %d dollars.\n",a);

16

sownd BAEZAE

e 3 if S
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Storage of Integers

e An “un-signed” 8 digit (one byte) binary number can range from 00000000(0 in base 10) to
11111111(255 in base 10)
e Two’s Complement
o Make the most significant bit(& 13 F~) a negative number
o filF: H/IH“signed” %L 210000000, Pk T3k H] R (-1)*2”7 >>> -128 in base 10
o THREIT IRt Two’s Complementff) — 3 il 55 3k i of B A4 -

* Two’'s Complement System for 1 byte:

binary base 10
10000000 -128
10000001 -127
11111111 -1
00000000 0
00000001 1
01111111 127

= WRREFETwWo’s Complement B » HRA At ) 55 R X FE )
= 22/Mfi]F : 10010101
o GXIE > RATERABRET - W1 Bil-1 o B HMr 07 a2 RIE K
= IR2XABTAE T B 2107
o A LUXBHEighaiE, byte X/ ~integer type A{f 4 frange from -128-127
o HMRFAIETTwo’s Complement KL H K > HEELER A Hbyte number > Blo1111111 A RERl b F N1
» IR ZIEEERINEBERIE - XA E14 28 10000000 > BIFE3EH] 128
» {HE7ETwo’s Complement B i > :X4MN_F12Z J54 45 10000000, 3X LA i 7%k > Bi-128
in base 10
= So integer numbers wrap around, in the case of overflow. No warning from Java!
e Anint is stored in 4 bytes using Two’s Complement
e Anint range from:
© 10000000 00000000 00000000 00000000 to
© 01111111 11111111 11111111 11111111
o FIYE ki B -2147483648 to 2147483647



