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Objectives

@ Gain a deep understanding of the working principles of the Linux process

scheduler

@ Optimize the system's response to different workloads by implementing a

custom scheduling policy

Specifically, the goal is to modify the kernel scheduling code to implement
@ at least two different scheduling algorithms and demonstrate their

behavioral characteristics using visualization tools.




Design History |

Original Design
Before Linux kernel version-2.6.23, we use Priority
Array to organize our task in system:




Design History Il

Original Design
After that, they choose to use Red-Black Tree:

But Why?



Design Comparison(Time Complexity Analysis)

Operation O(1) Scheduler - Priority Array CFS Scheduler - Red-Black Tree Winner
Pick Next Task O(1) - Bitmap search O(1) - Cached leftmost node Tie
Enqueue Task O(1) - Insert at tail of linked list O(log N) - Tree insertion + rebalaance O(1) Array
Dequeue Task O(1) - Remove from linked list O(log N) - Tree deletion + rebalance O(1) Array
Priority Change O(1) - Migrate between queues O(log N) - Remove and re-insert O(1) Array
Impact of N Processes Constant - Independent of N Grows with O(log N) O(1) Array

Priority Array win among almost all operation complexities!




Design Comparison (System Stability Analysis)

But the huge system need : FAIR, FAIR, and FAIR !

Consideration Explanation
Algorithmic Shift From complex heuristics — simple mathematical model
Fairness First Strict ordering by vruntime for true fairness
Scalability O(log N) acceptable for large-scale servers
Maintainability Unified logic removes special-case code
Future-Proof Tree structure supports cgroups and group scheduling

So now we get a classic scheduler algorithm: CFS



The Principle Of CFS Scheduler

The Completely Fair Scheduler (CFS) implements an "ideal multi-tasking
CPU" by tracking each process's virtual runtime (vruntime), which
increases as the process runs. All runnable processes are stored in a red-
black tree sorted by vruntime, with the smallest value on the left. The
scheduler always picks the leftmost node—the process that has received
the least CPU time—to run next.

When a process runs, its vruntime increases until it exceeds others,
causing it to move rightward in the tree as another process takes its place
at the left. Higher priority processes have their vruntime grow slower,
naturally receiving more CPU time. This simple model achieves perfect
fairness without complex heuristics.



Our Motivation
Why and What we do

As we have seen in past slides, CFS scheduler have
various disadvantages in operation complexity.
When faced situations which have strict requirements for
low-latency responding, we need faster scheduling. So we
smoothly come up a idea:

Make Priority Array Great Again
We produced two scheduler algorithm(WRR and Lottery)
in Linux kernel version-5.15.162
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System Implementation
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Overall architecture design

Linux Scheduling Framework
Based on the polymorphic design of Linux scheduling
classes, we retained the original CFS scheduler while
adding two new policies:

Priority | Scheduling Class Policies Description

Highest stop_class - Migration/Shutdown kernel threads

dl_class SCHED_DEADLINE| Hard real-time, Earliest Deadline First

rt_class SCHED_FIFO/RR POSIX real-time, static priority 0-99

fair_class SCHED_NORMAL CFS, normal user processes (99%)

Lowest idle_class SCHED_IDLE Idle thread when nothing to run




Core Data Structure Expansion

To support custom scheduling, we added the necessary fields to the task_struct:
sched_class sched_class;

my_weight;
my_priority;

my_time_slice;

remaining_slice;
sched_entity
sched_rt_enti
sched_dl_enti




WRR Scheduling Implementation |

Design Principles:
WRR scheduling allocates time zones of varying lengths based on task
priority and executes all tasks in a round-robin fashion. Higher-priority
tasks receive longer time zones, ensuring they get more CPU time

Algorithm characteristics:

Time complexity: O(1) - Maintain the current task using static variables
Fairness: All tasks receive CPU time, so no one will starve.

Predictability: Deterministic scheduling, which facilitates analysis.



WRR Scheduling Implementation Il

Core code implementation:
truct *p next_task w

struct *p;
<_struct *last

list_entry(ne

list_first_entry(&rq

P
1

roup_node) ;




Lottery Scheduling Implementation |

Design Principles:
The lottery scheduling mechanism allocates a number of "lotteries" to
each task in direct proportion to its priority. During each scheduling cycle,
a winning lottery ticket is randomly drawn, and the task holding that
ticket receives CPU time. Statistically, the CPU time a task receives is

directly proportional to the number of lottery tickets it possesses.
Algorithm characteristics:

Time Complexity: O(n) - Requires traversing the task list to calculate the
total number of votes and finding the winner.

Statistical Fairness: Under long-term operation, CPU time allocation is
directly proportional to priority.

Randomness: Avoids performance issues caused by certain specific
patterns.



Lottery Scheduling Implementation I

Core code implementation:

1 tic
winner, curr_ticke

list empty (&r

group node
my_priori:
y_priority ;

+= priority to weightlp->my priority

winner prandom_u32 % total_tick

each_entry(p,
ickets += priority to
ts win

printk (KERN_INFO "[
p->comm, p-
priority to
H




Scheduling strategy switching mechanism

truct *prev, st t rq flag

POLICY CFS
t task ct *custom_ne:

current_policy
PRIORITY:
custom _next = pick next task wrr(rqg);

POLICY LOTTERY:
custom next = pick next task lottery(rq);

custom next

put_prev_task(rg, p
(T ]
n custom next;




/proc interface implementation |

To interact with user space, we created the /proc/sched_status interface:

int sched status show(st t seq file *m,
truct task struct *p;

printf(m,
printf(m,

y t p->my priori
t timeslice = p->my time slice 7 p->

: priority * 10;
seq printf(m, °

prio
priority to weight[priority]);

read unlock();




/proc interface implementation |

To interact with user space, we created the /proc/sched_status interface:

i ize 1t sched status write(st t fi ile, t a u; *buf,

buffer(64];
id,

e

toint(buffer

new_polic
current_pol.
printk (KERN INFO "

read lock
find task by vpid(pid);

read_unlock
rn len;




GUI Monitoring Tool Implementation

To visually demonstrate the scheduler's behavior, we developed a Python GUI tool.

Main functional modules:

Module

Function Description

Strategy Control

Real-time switching strategy for CFS/WRR/Lottery

Priority settings

Set the priority (1-10) for a specified PID.

Process list

Display the PID, name, status, priority, time zone, and
tickets of all processes.

Tickets distribution

The pie chart shows the Ticket allocation status of the
stress process.

Selection count statistics

Count the number of times each process is scheduled.

Dispatch history

Show the most recent scheduling decision record

Real-time logs

Kernel log output




GUI Monitoring Tool Desgin

Current Policy: cFs Switch to WRR | Switch to Lottery | Switch to CFS
» 5
PID: priorty (1101 | = Priority
oo | T W wme |
BENE AT Astr i Ticketsi#  iERBMT m!‘ keAE
PID Name State | Priority | Time Slice | Tickets  #iduxm At [©

NAME PID 280886543€ PRIORITY TIMESUCE TICKETS o 0.0%

systemd 1 1 H 50 16 0 0.0% Stress Processes
Kthreadd 2 1 5 50 16 0 0.0% 10

gp 3 1026 5 50 1 0 0.0% o)

rcu_pargp 4 1026 5 50 16 0 0.0%

slub. flushw 5 1026 s 50 16 0 0.0%

netns 6 1026 5 50 16 o 0.0% 0.8

kworker/0:0/ 8 1026 5 0 16 0 0.0%

mm_percpu, 10 1026 5 50 16 0 0.0%

reu_tasks_n 11 1 s 50 16 0 0.0%

rcu_tasks tr 12 1 5 50 16 o 0.0% 0.6

ksoftigd/o 13 1 5 50 16 o 0.0%

reusched 14 1026 3 50 e o 0.0% No stress processes running
migration/0 15 1 5 50 16 o 0.0%

idle_inject/0 16 1 5 50 16 0 0.0% 04

epuhp/o 18 1 5 50 16 0 0.0% g

cuhpn 19 1 5 50 16 0 0.0%

idle_inject/1 20 1 5 50 16 1] 0.0%

migration/l 21 1 5 50 16 0 0.0%

keoftiqdn 22 1 5 50 16 0 0.0% 0.2

kworkerf1:01 24 1026 5 50 16 0 0.0%

cpuhpz 25 1 5 50 16 0 0.0%

idle. inject/2 26 1 5 50 16 0 0.0%

migrationy2 27 1 5 50 16 o 0.0% 0.0

ksoftirgd2 28 1 5 50 16 0 0.0% oo 0z o4 0.8 08 Lo
kworker/2:01 30 1026 5 50 16 o 0.0%

cpuhp3 31 1 5 50 1 0 0.0%

idle_injecy3 32 1 5 50 16 0 0.0% Lm0

migration/3 33 1 5 50 16 0 0.0% wEAE:

| MRt WRR-0 Lottery:0

Ready
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System verification and testing
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DEMO



Performance Comparison Test : Sysbench In Detail

Scheduler Test events/sec Avg Latency (ms) Max Latency (ms)
CFS 1 1907.26 0.52 3.00
2 1901.92 0.52 1.51
3 1906.58 0.52 1.51
Lottery 1 1893.16 0.53 1.54
2 1889.12 0.53 1.99
3 1895.84 0.52 1.48
WRR 1 1910.16 0.52 1.63
2 1901.92 0.52 1.41
3 1906.58 0.52 1.51




Performance Comparison Analysis : Sysbench In General

Metric CFS Lottery WRR
Throughput 1905.25 1892.71 1906.22
Avg Latency (ms) 0.52 0.53 0.52
Max Latency (ms) 2.01 1.67 1.52

Key Observations:
WRR scheduler outperforms both CFS and Lottery by delivering higher
throughput while significantly reducing maximum latency. The deterministic
weighted round-robin approach proves more suitable for this workload than
CFS's fair-share model or Lottery's randomized selection.
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Problems encountered and solutions
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Problems Encountered And Solutions |

Scheduler lag issue

Under high load stress testing, WRR scheduling caused the system to freeze, but
it returned to normal after the test ended.

Cause Analysis:

*The WRR implementation traverses the entire task list for each scheduling
iteration, resulting in a time complexity of O(n).

* It does not properly handle the case where time runs out.

* It lacks a pre-calculation mechanism.

Solution:

* Increase time zone management to reduce scheduling frequency
* Pre-calculate total weight to avoid repeated traversal
+ Use static pointers to maintain the current task, achieving O(1) selection



Problems Encountered And Solutions

A sad story : the initrd is too big
When you have done all code modification and compilation, you need to make a
new initrd image like initrd.img-5.15.162.
However, if you encounter:
Error 24: Write error : cannot write compressed block E: mkinitramfs failure cpio
1411z4 -9 -1 24
You need to check:
root@mxx:~# Is -lh /boot/initrd.img-5.15.162
-rw-r--r-- 1 root root 821M Feb 25 13:31 /boot/initrd.img-5.15.162
If this file is bigger than 821M, your new kernel can not start up, because this
image is too big.
But why?
A bug in the initramfs microcode handling script caused the AMD microcode file
to be repeatedly included or corrupted during generation, bloating the initramfs
while leaving out essential system modules and files.



Problems Encountered And Solutions Il

Strong Suggestion

If your cpu infrastructure is based on AMD, just do it :

# Forbid microcode definitely:

echo "EARLYMICROCODE=n" >> /etc/initramfs-
tools/initramfs.conf

echo "MODULES=dep" >> letclinitramfs-
tools/initramfs.conf

Believe me, this setting could help you to save at least
six hours!
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Summary and Outlook

Project Achievements

» Successfully implemented two scheduling algorithms: WRR and Lottery scheduling.

» Developed a complete monitoring tool: a Python GUI for real-time display of scheduling status.
» Performance comparison analysis: differences in throughput and latency among the three
strategies.

+ Stable operation: thorough testing showed no kernel panics.

Innovations

* Dynamic Strategy Switching: Seamless switching of scheduling strategies at runtime

* Real-time Priority Adjustment: Dynamically set via the /proc interface

* Visualized Tickets Distribution: Intuitively demonstrates the fairness of lottery scheduling

» Complete Monitoring System: Includes selection count statistics and scheduling history
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