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• Basic components of a simple personal computer

• CPU: data processing 
• Memory: volatile data storage 
• Disk: persistent data storage 
• NIC: inter-machine communication 
• Bus: intra-machine communication
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CPU

Memory
SSD

I/O GPU



Computer Hardware Review

M1 chip



Central Processing Unit (CPU)
• Components

o Arithmetic Logic Unit (ALU) -> Compute and data

o Control Unit (CU) -> control device and system

• Clock rate

o The speed at which a CPU is running

• Data storage

o General-purpose registers: EAX, EBX …

o Special-purpose registers: PC (program counter), SP 
(stack), IR (instruction register) …

• Parallelism

o Instruction-level parallelism

o Thread-level parallelism

 Hyper-threading: duplicate units that store architectural 
states

 Replicated: registers. Partitioned: ROB, load buffer… Shared: 

reservation station, caches



NUMA node vs Socket vs Core 
relationship



CPU information

• lscpu

Tell me your 
CPU:

1, clock rate?
2, parallelism 
(num of core)
3, producer & 

type
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CPU information

• $ cat /proc/cpuinfo

Tell me your 
CPU:

1, clock rate?
2, parallelism 
(num of core)
3, producer & 

type



Multi-Core Processors (SMP)

• Multiple CPUs on a single chip

Symmetric multiprocessing (SMP)



Multi-Core Processors (NUMA)

• Multiple CPUs on a single chip

Non-uniform memory access (NUMA)



Multi-Core Processors (NUMA)



Check CPU topology

• $ likwid-

topology –g

NUMA example: 

TutorialNUMA

https://github.com/RRZE-HPC/likwid/wiki/TutorialNUMA
https://github.com/RRZE-HPC/likwid/wiki/TutorialNUMA


Benchmarking my CPU

• 7-Zip is a file compression tool that can do extreme levels of 

compression on files and store them in a reduced size 7z 

archive format.

• To install 7-Zip in Ubuntu, run command:

o $ sudo apt install p7zip-full

• To run single threaded benchmark, use the command below:

o $ 7z b -mmt1

• Multi-threaded benchmarking can be run by using the 

following command:

o $ 7z b



Benchmarking my CPU

• Output

The results are in million instructions per second (MIPS). You 
can compare these results with other CPU models from here.

https://www.7-cpu.com/


Benchmarking my CPU
• S-tui is a CPU resource monitor that uses a terminal based graphical 

interface to display data and graphs.

• It supports CPU stress testing using the Stress app listed above while giving 
you a nice bird’s eye view on the various CPU parameters like frequency, 
temperature and utilization.

• Installation
o $ sudo add-apt-repository ppa:amanusk/python-s-tui

o $ sudo apt-get update

o $ sudo apt install stress python3-distutils –y

o $ sudo apt-get install python3-s-tui

• Run
o $ s-tui

Demo: link

https://youtu.be/objk3eTN7jg


Memory

• A typical memory hierarchy

Minimize the access time vs. Cost



Memory

• A typical memory hierarchy



Cache

• Why Cache is important?

A larger size than registers 
A much faster speed than memory
Tradeoff between performance and cost



Check Cache info

• $ likwid-topology –g

• $ lscpu | grep cache



Memory information

• free

• The free command displays:

✓ Total amount of free and used physical memory

✓ Total amount of swap memory in the system

✓ Buffers and caches used by the kernel



Memory information

• cat /proc/meminfo

o MemTotal

o MemFree

o MemAvailable

o Buffers

o Cached

o SwapCached

o SwapTotal

o SwapFree



Cache vs Buffer

• "Buffers" represent how 

much portion of RAM is 
dedicated to cache disk 
blocks

Buffers Only blocks



Cache vs Buffer
• "Cached": keep as much data as 

possible in memory, especially those 

data that we need to access frequently

Cache

All kinds of 
hot data



Memory information

• lstopo: show the CPU cache and logical CPU 

layout

• Install: $ sudo apt-get install hwloc

• Run: $ lstopo





Test: what is the speed of your memory?

• STREAM Benchmark:

it can measure the performance of the memory system, 

including bandwidth and latency.

Stream benchmark website

https://www.cs.virginia.edu/stream/


Test: what is the speed of your memory?

Copy

void tuned_STREAM_Copy()

{

  int j;

    for (j=0; j<N; j++)

      c[j] = a[j];

}

Read from one memory cell
Write to another memory cell



Test: what is the speed of your memory?

Scale

void tuned_STREAM_Scale(double scalar)

{

  int j;

  for (j=0; j<N; j++)

    b[j] = scalar*c[j];

}

Read from one memory cell
Make a multiply operation
Write to another memory cell



Test: what is the speed of your memory?

Sum

void tuned_STREAM_Add()

{

  int j;

  for (j=0; j<N; j++)

    c[j] = a[j]+b[j];

}

Read from two memory cell
Make an add operation
Write to another memory cell



Test: what is the speed of your memory?

Triad

void tuned_STREAM_Triad(double scalar)

{

  int j;

  for (j=0; j<N; j++)

    a[j] = b[j]+scalar*c[j];

} Read from two memory cell
Make an add operation and a multiply operation
Write to another memory cell



Test: what is the speed of your memory?

• 1, Download STREAM Benchmark

$ wget https://www.nersc.gov/assets/Trinity--NERSC-8-

RFP/Benchmarks/Jan9/stream.tar

• 2, Compile & run

$ tar xvf stream.tar

$ gcc stream.c -o stream

$ ./stream



Test: what is the speed of your memory?

• 1, install memory bandwidth app

$ sudo apt-get install mbw

• 2, run

$ mbw -q -n 100 256

n: run 100 times

256: means test 256MB in memory



Disk

• A stack of platters, a surface with a magnetic coating 

• Typical numbers (depending on the disk size): 

o 500 to 2,000 tracks per surface 

o 32 to 128 sectors per track 

 A sector is the smallest unit that can be read or written 

• Originally, all tracks have the same number of sectors



Disk

• Disk head: each side of a platter has separate disk head 

• Read/write data is a three-stage process: 

o Seek time: position the arm over the proper track 

o Rotational latency: wait for the desired sector to rotate under the read/write head 

o Transfer time: transfer a block of bits (sector) under the read-write head

• Average seek time as reported by the industry: 

o Typically in the range of 8 ms to 15 ms

head

1

2
3



Disk

Seek
Rotate
Transfer



Disk information

• lsblk

o Lists out all the storage blocks, which includes disk partitions 

and optical drives. Details include the total size of the 

partition/block and the mount point if any.



Disk information

• df

o prints out details about only mounted file systems. The list 

generated by df even includes file systems that are not real 

disk partitions.



Disk information

• fdisk 

o display the partitions and details like file system type



Disk R/W Process



Disk R/W Speed

• $ sudo hdparm -Tt /dev/sda

Read cache 
data size

Read disk 
data size

Read cache 
speed

Read disk 
speed



dd: Disk Write Speed

• $ dd if=/dev/zero of=/testw.dbf bs=4k 

count=100000 oflag=direct

Block size 4k

Block number 
100000

/dev/zero: generate 
null string stream

Write into 
this file



dd: Disk Read Speed

• $ dd if=/dev/sdb of=/dev/null bs=4k 

count=100000

Block size 4k

Block number 
100000

/dev/zero: the 
source file

Write into this file (it is 
an empty file)



Networking

• Physical: represents the 
electrical and physical 

representation of the 
system

• Data link: provides node-

to-node data transfer and 
handles error correction

• Network: router function, 
packet forwarding, etc.



Networking

• Transport: coordination of 
the data transfer between 

end systems and hosts. 
How much data to send, at 

what rate, where it goes, 
etc.

• Session/Presentation/Appl

ication: interaction with 
the user level application



Networking

Bits

Packet

Segment

Application data



Networking connection: ping

• Ping is a computer network administration 

software utility used to test the reachability of 

a host on an Internet Protocol network.



Networking throughput: speedtest-cli
• $ wget https://github.com/sivel/speedtest-cli/archive/master.zip

• $ unzip master.zip 

• $ cd speedtest-cli-master/

• ./speedtest.py



An interesting video introducing hardware

Youtube link

https://www.youtube.com/watch?v=ExxFxD4OSZ0


Test: Your VM hardware specs?

• CPU? → How many cores? Frequency? Topology?

• Cache? → Size?

• Memory? → Size? Speed?

• Disk? → Size?

• Network? → Latency? Bandwidth?



How to get my machine spec?

• Inxi: inxi-command-to-find-linux-system-

information/

https://www.tecmint.com/inxi-command-to-find-linux-system-information/
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How to get my machine spec? One 
command for All!



Changing times

• From 1986 – 2002, microprocessors were 

speeding like a rocket, increasing in performance 
an average of 50% per year.

• Since then, it’s dropped to about 20% increase 
per year.



Changing times



Moore’s Law

• The observation that the number of transistors 

in a dense integrated circuit doubles about 

every two years



An intelligent solution

• Instead of designing and building faster 

microprocessors, put multiple processors on a 

single integrated circuit.

amd-ryzen-threadripper-3990x-is-
a-ridiculous-64-core-cpu-and-its-
coming-soon

https://www.techradar.com/news/amd-ryzen-threadripper-3990x-is-a-ridiculous-64-core-cpu-and-its-coming-soon
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Now it’s up to the programmers

• Adding more processors doesn’t help much if 

programmers aren’t aware of them…

• … or don’t know how to use them.

• Serial programs don’t benefit from this approach 
(in most cases).



Why we need ever-increasing 
performance

• Computational power is increasing, but so are our 

computation problems and needs.

• Problems we never dreamed of have been solved 
because of past increases, such as decoding the 

human genome.

• More complex problems are still waiting to be 

solved.



Climate modeling



Protein folding



Drug discovery



Energy research



Data analysis



Why we’re building parallel systems

• Up to now, performance increases have been 

attributable to increasing density of 

transistors.

• But there are

inherent 

problems.



A little physics lesson

• Smaller transistors = faster processors.

• Faster processors = increased power 

consumption.

• Increased power consumption = increased heat.

• Increased heat = unreliable processors.



Solution 

• Move away from single-core systems to multicore 

processors.

• “core” = central processing unit (CPU)

• Introducing parallelism!!!



Why we need to write parallel programs

• Running multiple instances of a serial program 

often isn’t very useful.

• Rewrite serial programs so that they’re parallel.

• Write translation programs that automatically 

convert serial programs into parallel programs.

o This is very difficult to do.

o Success has been limited.



More problems

• Some coding constructs can be recognized by an 

automatic program generator and converted to a 
parallel construct.

• However, it’s likely that the result will be a very 

inefficient program.

• Sometimes the best parallel solution is to step 

back and devise an entirely new algorithm.



Example

• Serial solution:

• What does this program do?

o Compute n values and add them together.



Example (cont.): How to parallel the code?

• We have p cores, p much smaller than n.

• Each core performs a partial sum of 

approximately n/p values.

Each core uses it’s own private variables

and executes this block of code
independently of the other cores.



Example (cont.)

• After each core completes execution of the code, 

is a private variable my_sum contains the sum of 

the values computed by its calls to 

Compute_next_value.

• Ex., 8 cores, n = 24, then the calls to 

Compute_next_value return:

1,4,3,   9,2,8,    5,1,1,   5,2,7,   2,5,0,   4,1,8,   6,5,1,   2,3,9



Example (cont.)

• Once all the cores are done computing their 

private my_sum, they form a global sum by 

sending results to a designated “master” core 

which adds the final result.



Example (cont.)



Example (cont.)

Core 0 1 2 3 4 5 6 7

my_sum 8 19 7 15 7 13 12 14

Global sum

8 + 19 + 7 + 15 + 7 + 13 + 12 + 14 = 95

Core 0 1 2 3 4 5 6 7

my_sum 95 19 7 15 7 13 12 14

1,4,3,   9,2,8,    5,1,1,   5,2,7,   2,5,0,   4,1,8,   6,5,1,   2,3,9



But wait!

• There’s a much better way

to compute the global sum.



Problems?

Core 0 1 2 3 4 5 6 7

my_sum 8 19 7 15 7 13 12 14

Global sum

8 + 19 + 7 + 15 + 7 + 13 + 12 + 14 = 95

1,4,3,   9,2,8,    5,1,1,   5,2,7,   2,5,0,   4,1,8,   6,5,1,   2,3,9

Potential 
bottleneck!



Better parallel algorithm

• Don’t make the master core do all the work.

• Share it among the other cores.

• Pair the cores so that core 0 adds its result 

with core 1’s result.

• Core 2 adds its result with core 3’s result, etc.

• Work with odd and even numbered pairs of 

cores.



Better parallel algorithm (cont.)

• Repeat the process now with only the evenly 

ranked cores.

• Core 0 adds result from core 2.

• Core 4 adds the result from core 6, etc.

• Now cores divisible by 4 repeat the process, 

and so forth, until core 0 has the final result.



Multiple cores forming a global sum



Analysis

• In the first example, the master core performs 

7 receives and 7 additions.

• In the second example, the master core performs 

3 receives and 3 additions.

• The improvement is more than a factor of 2!



Analysis (cont.)

• The difference is more dramatic with a larger number 

of cores.

• If we have 1000 cores:
o The first example would require the master to perform 

999 receives and 999 additions.



Analysis (cont.)

• The difference is more dramatic with a larger 

number of cores.

• If we have 1000 cores:

o The second example would only require 

10 receives and 10 additions. 

(2^10=1024)

• That’s an improvement of almost a factor of 100!



How do we write parallel programs?

• Task parallelism 

o Partition various tasks carried out solving the problem 

among the cores.

• Data parallelism

o Partition the data used in solving the problem among the 

cores.

o Each core carries out similar operations on it’s part of the 

data.



Professor P

15 questions

300 exams



Professor P’s grading assistants

TA#1
TA#2 TA#3



Division of work –  data parallelism

TA#1

TA#2

TA#3

100 exams

100 exams

100 exams



Division of work –  task parallelism

TA#1

TA#2

TA#3

Questions 1 - 5

Questions 6 - 10

Questions 11 - 15



Division of work –  data parallelism

Same task (program), different data



Division of work –  task parallelism

Tasks

1) Receiving

2) Addition 

different tasks (program): program A 
and B could be totally different logic

different data



Coordination

• Cores usually need to coordinate their work.

• Communication – one or more cores send their current partial 

sums to another core.

• Load balancing – share the work evenly among the cores so 

that one is not heavily loaded.

• Synchronization – because each core works at its own pace, 

make sure cores do not get too far ahead of the rest.



What we’ll be doing

• Using the C language.

• Using three different extensions to C.

o Message-Passing Interface (MPI)

o Posix Threads (Pthreads)

o OpenMP

• Write programs that are explicitly parallel.



Type of parallel systems

• Shared-memory

o The cores can share access to the computer’s memory.

o Coordinate the cores by having them examine and update 

shared memory locations.

• Distributed-memory

o Each core has its own, private memory.

o The cores must communicate explicitly by sending messages 

across a network.



Type of parallel systems

Shared-memory Distributed-memory



Terminology 

• Concurrent computing – a 

program is one in which multiple 

tasks can be in progress at any 

instant.

• Parallel computing – a program 

is one in which multiple tasks 

cooperate closely to solve a 

problem



Terminology 

• Parallel computing – a program 

is one in which multiple tasks 

cooperate closely to solve a 

problem

• Distributed computing – a 

program may need to cooperate 

with other programs to solve a 

problem.



Conclusion

• The laws of physics have brought us to the 

doorstep of multicore technology.

• Serial programs typically don’t benefit from 
multiple cores.

• Automatic parallel program generation from serial 
program code isn’t the most efficient approach to 

get high performance from multicore computers.



Conclusion (cont.)

• Learning to write parallel programs involves 

learning how to coordinate the cores.

• Parallel programs are usually very complex and 

therefore, require sound program techniques 

and development.
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