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1. Introduction.

| first used Minix [10] in 1992, for reasons elaborated on in [9]. In short, my previous school had a dedicated
operating systemslab, and | preferred to use areal operating system instead of a simulator like OSP [7] or NACHOS
[5], but not one as complex as Linux [1] (although Nutt [8] may help students navigate that complexity).

My current department has no dedicated OS lab, and most of our students will not partition their hard drives to install
Minix. So, for the past four years, | assigned projects that had them use Ben-Ari’s Concurrency Interpreter [4],
Solaris’ semaphores and shared memory utilities, as explained in [6], system calls to manipulate directories, C's
address-of operator for determining the layout of a program in memory, etc. Although students learned much from
the assignments, it was not the same as having them work inside of an actual OS. But recently, Kees Bot, the Minix
system administrator, produced a version [3] that allows a Minix file system to exist as a single Windows ‘ 9X file,
eliminating the need for hard drive partitioning. Students now need to reserve only 60MB of hard disk space for
only one semester to install Minix. (Students using Windows 2000 or later may need to run Minix in a simulator
such as Bochg 2] or VMware[11]).

With Minix, students get to work with a complete, operational software engineering artifact (albeit one of
educational, rather than industrial, strength). Minix issmall enough that students can grasp the “chunks’ they need
for specific projects, but large enough that they can see that small changes made in one function can detrimentally
affect codein afar distant function. Students also learn that desk-checking and walk-throughs are a necessity; when
their modified versions of Minix do not boot, there’s no debugger to fall back on. (However, they can reboot from
an aways-saved, stable version to find and correct their problems.)

2. Minix Projects.

For each of the projects described below, students work in groups of three. They can divide the project workload in
any way they choose as long as the tasks are reasonably balanced. Any member of a group, however, can be called
upon to describe the entire project. Project deliverablesinclude a project report, a project log (adiary of team
activities), and a diskette with a Minix file system that contains a bootable image containing their modifications and
a/ usr file systemwith all of Minix’s usual directories, but containing only the files that were modified or added for
the project.

When teams write system calls, | supply them with Unix-like “man” pages that describe the syntax and
semantics of the calls. The user-level programs that test the system calls must follow the specifications given in the
man pages, one team’ s test program must be able to run on another team'’ s system.

To help students understand Minix’s system call structure, | trace for them one execution of thet i nes( 2)
system call, describing the code in each relevant source code file (*.c’ and ‘.h"). Not surprisingly, many of their
system calls closely mimict i mes(2) .

2.1 Installation.

In the first week, the teams download and install Minix, modify / usr/i ncl ude/ mi ni x/ conf i g. h to configure
Minix for their platforms, modify / usr/ src/ kernel / tty. ¢ to add their names to the boot banner, and modify
keyboar d. ¢ in the same directory to print a message of their choosing whenever function key six ispressed. This
exercise allows them to become familiar with the Minix file system and with recompiling and rebooting the system.

! submitted for publication to SIGCSE Bulletin.



2.2 A Simple System Call.

In the second week each team writes a simple system call to fetch from the memory manager (MM) the running
process processid (PID) and its parent’s PID, and writes a user-level program to test the systemcall. The
prototype, from the man page, is:

#i ncl ude <prog2.h> // The team supplied header file
int GetPIDs (pid_t *Me, pid_t *NMom;

To implement this simple system call, the students must: (1) modify one system header file, mi ni x/ cal I nr. h, (2)
add the header file pr og2. hto/ usr/i ncl ude, (3) add their source codeto/ usr/src/li b/ ot her, (4) put their
object filesin/usr/1ib/i386/1ibs.a, (5) modify/usr/src/ mi{proto.h,table.c, Makefil e}, and (6)
add a source-codefileto/ usr/ src/ nm

Their test programs must fork a binary tree of processes at least four deep. The teams are told to use
get pi d(2) and get ppi d(2) to validate their results.

The students find with this assignment that they write relatively little code, but the code that they do write, as
shown above, is scattered throughout Minix. They quickly discover the benefits of advanced planning, careful code
reading, and grep(1) andfi nd(1).

2.3 Semaphore Implementation

Minix does not provide user-accessible semaphores, so the students' third project is to implement ten semaphoresin
MM (where tasks can be easily blocked and restarted), to write system calls for the semaphore operations, and to
write user-level solutions to the producer-consumer problem, using afile as the bounded buffer. The specifications
for the system calls are:

#i ncl ude <m ni x/ semaphore. h>

int SenDown (int SemaphoreNunber);

int Senp (i nt Semaphor eNunber);

int Semnit (int SemaphoreNunber, int Value);

int Senttatus (int SemaphoreNumber, int* Value, int* NunBl ocked);

SenDown and Senp perform the P and V operations, resp., on the specified semaphore; Send ni t sets the specified
semaphore to the given value; and Sentt at us sends back the identified semaphore’s current value and the number
of processesin itswait queue. No synchronization mechanism is needed to protect the semaphore structures because
no other user processes will run while MM is running.

The producer-consumer program will use the semaphores to synchronize accesses to the bounded-buffer
(implemented as afile) and necessary counters (also afile). The program will open and initialize thefiles, initialize
the semaphores, and then fork a specified number of producer and consumer processes which produce or consume a
specified number of items. In future classes, | plan to have half the teams implement the semaphores and the other
half implement a form of shared memory (to be used as the buffer). Then pairs of teams will use each other’s system
callsin their producer-consumer solution.

2.4 Process Scheduling

For their fourth project, the students add alevel to Minix’sthree-level queuing. Instead of strict round-robin
scheduling, the scheduler will split user processes between 1/0O-bound and CPU-bound process queues, with the 1/0O-
bound processes receiving higher priority. The students must design and write user programs to test their
modifications. Asa part of the test, the students need to determine what will make a process actually block on /O,
rather than doing a non-blocking transfer to cache. | encourage the students to add necessary fields to the kernel’s
process table and to implement any system calls they might need to fetch process values as a part of their tests (they
write the man page(s) thistime). Except for those system calls, the students should have to modify only the
scheduling routines and the processtable, st ruct proc,in/usr/src/ kernel / proc. c andproc. h.



2.5 Memory and Thrashing

In project 5, instead of modifying or instrumenting Minix’s memory manager, which now implements swapping, the
teams will combine code reading with testing to determine at what point Minix will start thrashing—spending more
time swapping than processing. After they determine the thrashing point, they are to recommend a policy that could
be implemented to prevent thrashing. Students may find this project to be easier if they run Minix on older, low-
memory machines, or inside of a simulator like Bochs or VMware, where the memory size can be specified.

2.6 File System Attributes
Depending on the amount of time remaining in the semester, | assign the students one or more of the following file
system (FS) projects. All are written as user commands.

fcontig(1) -- when given afile name, this command will report the degree of contiguity of afile—the
degree to which its data blocks fall in consecutively numbered blocks. This gives the students the opportunity to
work with i-nodes, and to determine how to write data files in consecutive and non-consecutive blocks. They find
that working with afile system on a 1.44 MB floppy greatly simplifies testing.

fsefrag(1) —when given aMinix file system, this command reports the degree of external fragmentation.
Since Minix uses a bit-map block-management scheme, the students will need to traverse the bit maps for thei-
nodes, directories and data blocks. They gain afamiliarity with super blocks, bit strings, and C’s bit manipulation
operators.

fsifrag(1) —for aMinix file system, this command reports the least, greatest and average amount of
internal fragmentation (unused space in the last data block) in all of the datafiles. The project gives students the
opportunity to work with directories and i-nodes (they are not allowed to user eaddi r ( 3) except for testing), and
with recursion, which lends itself nicely to traversing the directory tree. We assume that the files are written
sequentialy. If auser opens anew file, seeks to the last byte in the thousandth block, and writes just one byte of
data, then no fragmentation would be reported for that file. Additionally, the reported fragmentation does not
include unused space in i-node index blocks.

2.7 Resource Usage.
For their final project, the students will implement avariant of the get r usage(2) system call, which hasa
prototype of:

#i ncl ude <sys/tine. h>
#i ncl ude <sys/resource. h>
#i ncl ude <uni std. h>

int getrusage (int who, struct rusage *usage);
struct rusage {
struct timeval ru_utinme; /* user tinme used */
struct timeval ru_stine; /* systemtine used */
| ong ru_maxrss; /* maxi mum resi dent set size */
long ru_ixrss; /* integral shared nenory size */
long ru_idrss; /* integral unshared data size */
long ru_isrss; /* integral unshared stack size */
long ru_mnflt; /* page reclainms */
long ru_majflt; /* page faults */
I ong ru_nswap; [* swaps */
I ong ru_inbl ock; /* block input operations */
I ong ru_oubl ock; /* bl ock output operations */
| ong ru_msgsnd; /* messages sent */
l ong ru_msgrcy; /* messages received */
I ong ru_nsignals; /* signals received */
l ong ru_nvcsw, /* voluntary context swi tches */
I ong ru_nivcsw; /* involuntary context sw tches */

I

Thisisamuch more ambitious project than the rest. To collect the needed information, the students must:
(1) change FSto count input and output data blocks and count messages sent and received; (2) change MM to count



swaps, messages sent and received, and signals received; and (3) change the kernel to count voluntary and
involuntary context switches. Minix does not implement paging, soru_mi nflt andru_maxf |t will be set to zero.
The teams also need to implement system callsto retrieve those counts, and test programs to make the system calls.
The students can implement a single user-level system call, to MM say, that, in turn, calls the kernel and FS to
retrieve needed information, construct the structure (st r uct rusage), and copy it back to the user process. Or they
can implement multiple system calls, to MM, FS and the kernel, to fill the structure at the user level.

3. Observations and Conclusions

Although Minix is an outstanding platform for OS projects, students do not work with paged memory management
and do no programming with threads. But, paging code tends to be quite complicated (see Linux’s for example), and
the combination of Minix swapping and lectures on paging suffices. And, because the students not only use a
synchronization mechanism, but also get to implement it, they get most of the benefits of athreads project.

The biggest initial hurdle that students face is the Unix environment, and doing everything via the command
line. Using Cis not an issue, because our students come into the class knowing C++. | do, however, stress the
differences between parameter passing and memory alocation in C and C++. Writing the first few system calls
challenges the students, but in later projects, it becomes almost second nature to them.

Portability isabig plus for the students. Both DOSMINIX and Bochs, each with a40MB Minix file
system, fit easily on a 100MB zip® disk; students can work on their projectsin our on-campus labs and then take
them home to work with on their own PCs.

| allow the teams one or two weeks for each project. | used to give them more time on fewer projects, but
they wouldn’t start working until the week the projects were due, anyway. If time becomes a problem, the last
project can be split among two or three teams. Asis usua, the better teams finish all parts of al of the projects. For
weaker teams, | sometimes supply detailed hints or even partial solutions, but at areduction in their scores. Also, as
is usual, the students complain about the amount of work the assignments require, but are pleased with what they
have accomplished, and about how much more they understand, after the courseis over.

My web page for thisclasscan befound at ht t p: / / cs. sel u. edu/ ~j howat t / 431. Steven Hartley also
has Minix assignments that can be found at ht t p: / / ki ng. nts. dr exel . edu/ ~shart | ey/ MCS370.
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