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NOISIAI

systems is selecting a workload level that can expose meaningful behavior without

overloading the target system. Apache JMeter provides several mechanisms for
generating and controlling load. However, in most JMeter tests, the workload profile is
configured before execution and remains largely fixed during the run. This makes SLO-aware
testing difficult when the safe operating range is not known in advance. This paper presents
LoadGuard-JMeter, an SLO-aware closed-loop load-generation plugin for Apache JMeter to
dynamically control the workload according to runtime SLO conditions. The plugin combines
an Elastic Timer, Metrics Listener, SLO Feedback Controller and Decision Log Writer to
dynamically adjust request pacing based on p95 response-time and error-rate SLOs. When the
system is within the safe zone, the request rate is increased; when it approaches the SLO, the
rate remains constant; and when a breach occurs, the rate is decreased. The controllet’s
decisions are recorded in a separate CSV file. The system was tested using the TeaStore
microservice benchmark under an 800 RPS stress load. The evaluation included five
independent experimental runs for each scheme. Based on the five-run mean results,
LoadGuard-JMeter improved the average response time by 96.54% and 95.37%, p95 latency
by 94.70% and 95.62%, and p99 latency by 94.32% and 95.87%, compared to FFA and
TSTCTG respectively. It also reduced the mean p95 SLLO-violation rate from 100% for both
baselines to 22% and maintained an error rate of 0%. The controller executed INCREASE,
HOLD and DECREASE commands during runtime, demonstrating workload adaptability.
These results were achieved at a lower mean successful throughput of 88.15 requests/s,
compated to 741.20 requests/s for FFA and 154.10 requests/s for TSTCTG, showing that
LoadGuard-JMeter maintains SLO stability by regulating the workload rather than maximizing
throughput. The lower response times and fewer SLO violations were therefore achieved by
reducing the applied workload, rather than improving response times at the same throughput.
Keywords: Apache JMeter, SLO-Aware Load Testing, Closed-Loop Feedback Control,
Elastic Load Generation, Microservice Performance Testing.
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Introduction:

Performance testing is used to determine if software can meet its service level
objectives (SLOs) under increased load [1][2][3]. This is especially important for web, API,
cloud-based, and microservice systems, as increasing the number of requests can have an
immediate impact on response times, error rates, and system stability.

Apache JMeter [4] is the most popular performance testing tool due to its flexibility
with regards to test plans, support for HI'TP and API loads, distributed testing and plugin
functionality [5][6]. However, the load is usually defined in advance by setting values such as
number of threads, ramp up time, delays, number of loops or throughput before running the
test. This is a good option if the safe operating range of the system is known; however, it can
become difficult if the low, beneficial, and unsafe load levels are uncertain [7]. This can result
in the system not being pushed to its true capacity limits. Alternatively, a high load may
overload the system, preventing meaningful observations. You may need to run multiple tests
to find the right load [8].

JMeter provides timers, throughput-shaping plugins, and threshold-based controls
that help define workload profiles or stop a test after unsafe behavior appears [9]. Still, these
mechanisms mostly depend on values selected before execution. They do not provide a
lightweight feedback-control mechanism that changes request pacing during the same test
according to live p95 latency and error-rate SLO conditions. Although adaptive workload-
generation approaches exist, most are implemented as external frameworks rather than
components that can be added directly to a normal JMeter test plan [10].

Recent Research:

Apache JMeter provides two practical methods for generating workloads: Free-Form
Arrivals (FFA) [11] and Throughput Shaping Timer with Concurrency Thread Group
(TSTCTG) [12][13]. The former method schedules requests according to a specified arrival
pattern. The latter method schedules requests by using throughput shaping and concurrency
to meet a desired request rate. Neither method adapts a target request rate dynamically during
runtime using real-time p95 response time and error rate SLO feedback. Several studies have
been conducted on workload generation, performance testing and run-time adaptation. For
example, DYNAMO [14] introduced in-test workload adaptation to expose performance
issues dependent on the workload. DYNAMOJM [15] extended the work and provided
dynamic workload adaptation within JMeter. RELOAD [16] and SaFRel. [17] used
reinforcement learning and self-adaptation strategies to improve performance testing.
PerfScout [18] examined adaptive workload generation for software performance testing. [19]
proposed a solution to adapt timeout strategies during microservice communication using
SLO. Recently, JMeter MCP Server [20] has provided Al assisted support for test execution
and analysis. However, these solutions only focus on general test frameworks, learning-based
adaptation, adapting microservices or automating tests. Specifically, none of these solutions
focus on a lightweight approach to managing request pacing during testing using feedback
from both p95 response time and error rate SLOs by classifying risky zones. LoadGuard-
JMeter is therefore proposed to provide direct integration of SLLO aware closed-loop pacing
during test plan creation within JMeter.

Based on these issues, the following research question can be identified:

Research Question:

RQ1: How effectively can runtime interval metrics be used to dynamically adjust the request
rate during a JMeter test?

RQ2: How accurately can p95 response-time and error-rate SLO usage be mapped to SAFE,
HOLD, and VIOLATION zones and their corresponding controller actions?

RQ3: How much does LoadGuard-JMeter reduce average response time, p95/p99 latency,
error rate, and p95 SLO-violation windows compared with FFA and TSTCTG?
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RQ4 What is the impact of SLO-aware request pacing on successful throughput compared
with FFA and TSTCTG?

These research questions are addressed through the controller design and evaluation.
Research questions 1 (RQ1) and 2 (RQ2) are investigated using the interval-level metrics, SLO
classification equations, controller algorithm, and decision log shown in Algorithm 1 and Table
5. RQ3 is investigated using the response-time, error-rate, and violation-window metrics for
the three schemes in Tables 3, 4, and 6. RQ4 is investigated using the successful throughput
metrics and comparison between throughput and latency in tables 3 and 6. Additional evidence
on the consistency of the results can be seen from the five independent runs.
Contributions:

To solve these questions, this paper presents LoadGuard-JMeter, an SLO-aware
closed-loop elastic load-generation plugin for Apache JMeter. A new Elastic Timer and
Metrics Listener are added to the JMeter process. The Listener gathers metrics on a pet-
interval basis such as throughput, active threads, response time average, p95/p99 response
time, error percentage and SLO percentage. The controller uses this data to determine the
applicable risk zone and decide whether to increase, maintain, or decrease the request rate.
The Elastic Timer then increases or decreases the target request rate accordingly. Metrics are
then stored in CSV files so they can be analyzed later. The main aim of this project is to take
pre-scripted JMeter tests and make them dynamic, using SLLOs to manage the load. The test
will start with a certain request rate and adapt based on its performance. If the system is
performing well and safely under the SLO boundary the target request rate will increase. If it
is nearing the SLO boundary then the request rate will stay the same. If the system has violated
the SLO then the target request rate will decrease. This provides a new feedback loop within
JMeter.

Main Contributions:
A JMeter plugin which supports closed-loop SLO-aware request pacing at runtime.

A risk zone controller which takes a p95 latency and error rate SLO into consideration
when deciding to increase, maintain and reduce pacing. An Elastic Timer, Metrics Listener,
and CSV decision logger integrated into the standard JMeter test-plan workflow.

An empirical evaluation on the TeaStore benchmark [21] comparing closed-loop
pacing with JMeter workload-control baselines and analyzing latency, errors, SLO violations,
and throughput trade-off.

Flow of Research:

This research starts by identifying problems with static workload generation. Then,
LoadGuard-JMeter was designed and developed. This sets up the test environment. FFA and
TSTCTG were set up ready for testing. All three schemes were tested on the 800 RPS stress
scenario. Results were gathered by capturing statistics and controller decisions in CSV files.
These results were then compared in order to see how well the schemes complied with SLO's,
any issues with response times, error rate and throughput. These comparisons were used to
draw the final research conclusions. Each scheme was also run 5 times in order to find results
that are consistent using statistical analysis. The results were then analyzed to provide
conclusions on the performance and effectiveness of LoadGuard-]Meter.

Novelty of the Study:

By incorporating a novel SLO-aware feedback loop that ensures the appropriate
pacing of requests in LoadGuard-JMeter, this study overcomes the issues associated with fixed
workload generation methods. It utilizes the real time p95 response time and error-rate SLO
metrics to determine the risk zone of operation. The target request rate is then increased,
maintained, or reduced. This novel system has been implemented using a combination of
Elastic Timer, Metrics Listener, and Decision Log Writer, all of which are built into the JMeter
test plan. There is therefore no requirement to incorporate external monitoring solutions or
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make changes to the system under test. All workload control and controller decisions can be
made during test execution.

Compared to existing tools, LoadGuard-JMeter provides a new technique to control
the rate of requests sent to the system under test. FFA [11] and TSTCTG [12][13] produce a
workload based on a predefined schedule. These tools do not take into account the SLOs
when adjusting the target rate. DYNAMO [14] and DYNAMOJM [15] allow workloads to be
adapted. Other tools such as RELOAD [16], SaFFReL. [17] and PerfScout [18] have varying
techniques to adapt their workloads. LoadGuard-JMeter uses a novel approach by taking into
account the p95 response time and error rates to assess the status of the SLOs. It will split its
operation into three areas: SAFE, HOLD and VIOLATION. Depending on which area it falls
into, the Elastic Timer will adapt to the target rate of requests. The Metrics Listener and
Decision Log Writer record the metrics and decisions made by the controller. This provides a
simple solution to adapt the rate of requests sent to the system based on the SLOs. This can
be easily added into a standard JMeter test plan.

Related Work:

Workload selection is a central issue in performance testing. Performance tests must
be run with enough workload to cause the system to behave as it would under real-world
conditions but without causing the system to become unstable. This is often done in JMeter
by setting the workload to be applied.

JMeter provides many options to provide this workload. A Constant Throughput
Timer [22] can be set to provide a constant throughput. A Throughput Shaping Timer [12]
can be used to provide a specific number of requests per second during a timeframe. This can
be combined with a Concurrency Thread Group [13] to ensure there is always enough users
active to meet the desired workload. An AutoStop [23] Listener can be used as a failsafe to
stop the test once a certain level of latency, response time or error rate has been exceeded.
The Free-Form Arrivals (FFA) Thread Group [11] allows requests to be generated based on a
pre-defined arrival pattern. This can be used to create an arrival-based workload; however, the
arrival rate will not change depending on the response times, or error rates, which are
experienced whilst running.

Although these solutions can be used to provide a workload, they all fall into two
categories. Fither they are set to a specific schedule, or after a violation occurs the test will
stop. None of them actively keep the request rate low by using the p95 response time and
error-rate SLO.

There have been investigations into workload adaptation in the literature. DYNAMO
[14] adapts the workload during the test to expose any performance issues caused by the
workload. DYNAMOJM [15] takes this a step further to make workload adaptation more
similar to JMeter. RELOAD [16], SaFReL [17] and PerfScout [18] use reinforcement learning
or adaptive policies to explore the workload and find performance bottlenecks. Whilst these
solutions show adaptive performance testing can be useful, they are all general frameworks or
learning based solutions. They are also not a simple Timer and Listener solution like this one
which can easily be applied to a regular [Meter test plan. The benefits of adaptive performance
testing have been demonstrated by previous research. Tools such as DYNAMO [14], and
DYNAMOJM [15] show how workload-based adaptation can be implemented during
performance testing. SalFReL. [17] uses fuzzy reinforcement learning to create performance
test cases, which has led to increased efficiency in testing. PerfScout [18] is another tool that
uses reinforcement learning to find performance failure points. This tool was able to achieve
an accuracy of over 82% in finding performance failure points. Along with an increase in
testing efficiency of up to 90%. However, these tools have different goals and use different
adaptation techniques. Most focus on exploring performance boundaries, learning testing
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policy and finding failure points. Instead, it uses a simple feedback-based pacing mechanism
to ensure that configured p95 response-time and error-rate SLOs are maintained.

SLO-aware runtime control has also been applied in other contexts. Hanada and
Ishibashi used SLO information to adjust timeout behavior in microservice communication
[19]. This is related in principle, but it controls service-side timeout behavior rather than the
workload applied by a performance testing tool. Recent Al-assisted JMeter tools, such as
JMeter MCP Server, help execute tests, parse results, generate dashboards, and support
analysis [20]. However, they do not act as in-test controllers that adjust request pacing while
the JMeter run is still active.

Research Gap:

Existing JMeter workload mechanisms are useful but remain mostly open-loop or
reactive. Free-Form Arrivals (FFA) [11] represents an open-loop arrival-based baseline: the
configured request rate is pushed regardless of the live SLO condition. FFA scheme send
requests based on a pre-defined schedule without considering any current p95 response times
or error rates. This means that the tool will still send an excessive amount of load to the system,
despite high latency or SLO breaches. LoadGuard-JMeter uses feedback from real-time SLLOs
to dynamically increase, maintain or decrease the request rate based on the current conditions
the system is under. Throughput Shaping Timer [12] with Concurrency Thread Group
(TSTCTG) [13] represents a common shaped-throughput baseline, where the tester defines
an RPS schedule and provides enough concurrent users to pursue it. These baselines reflect
practical JMeter ways of producing controlled workloads. However, these do not control or
limit load when p95 latency or error rate gets close to a dangerous area. AutoStop Listener
[23] can be used to stop the test if thresholds are breached but it does not control the pacing.

There are many tools available for research such as DYNAMO [14], DYNAMOJM
[15], RELOAD [16], SaFReL [17] and PerfScout [18]. These demonstrate that adaptive
workloads can be created. However, these approaches mainly rely on external frameworks,
autonomous testing mechanisms, or learning-based methods rather than a lightweight SLO-
aware request-pacing plugin. A simple JMeter plugin is therefore required that monitors
latency and error data on an interval basis to calculate what the current SLO usage is, determine
what risk zone it is in and apply an increase, steady or decrease action. LoadGuard-]Meter
provides this by controlling the pacing of requests at runtime.

LoadGuard-JMeter can be distinguished by the way workload control is achieved. FFA
[11] and TSTCTG [12][13] are deterministic workload generators. They do not use real time
SLO feedback in order to control the request rate. While DYNAMO [14], DYNAMOJM [15],
SaFReL [17] and PerfScout [18] all aim to provide some form of workload adaptation, No
existing approach explicitly claims to control the system using interval-based feedback from
both p95 response times and error-rate SLOs within SAFE, HOLD, and VIOLATION risk
zones. This is achieved in LoadGuard-JMeter using a simple plugin for JMeter which will
monitor the metrics and control the request rate accordingly by increasing, keeping steady or
reducing it.

Material and Methods:
Methodological Overview:

The methodology used to design, build and evaluate LoadGuard-JMeter is depicted in
Figure 1.

It started by identifying issues with existing static workload-generation methods. From
there, an SLO-aware closed-loop system was developed to dynamically adjust the request rate.
This was built using Apache JMeter with new components, including the Elastic Timer,
Metrics Listener, SLO Feedback Controller and Decision Log Writer. These components
work together to adjust the request rate based on p95 response-time and error-rate SLO
teedback.
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Problem Identification

e Static/open-loop workload generation ¢—-—-
e No runtime SLO adaptation

¥

Design & Development
LoadGuard-JMeter
Elastic Timer
Metrics Listener
SLO Feedback Controller
Decision Log Writer

e Closed-loop control using p95 and error-rate feedback

4

Experimental Environment

Client St Server
JMeter 5.6.3, ¢ tuernes > TeaStore v1.3.4,
Windows 11 Docker Desktop,
Windows 11
Workload Configuration
FFA TSTCTG LoadGuard-JMeter
Fixed 800 RPS Fixed 800 RPS Adaptive,

150 to 800 RPS
Duration: 300 s
Data Collection

JMeter Results CSV Decision CSV

throughput, response time, target rate, SLO usage,

error rate risk zone, action
Analysis & Comparison
Performance comparison Controller analysis
throughput, avg/p95/p99, target rate, risk zone,
error rate, SLO windows actions, temporal behavior
¥

Research Findings
e Effectiveness of SLO-aware load regulation
e Improved latency stability and SLO compliance
e Throughput-latency trade-off under stress

------------- :
Figure 1. Methodological workflow of this research, from problem identification to research
findings.

Once the tool was built, a two-node test environment was set up using two machines
connected through Ethernet. Apache JMeter v5.6.3 was run on the client side, while the
TeaStore Microservice Benchmark v1.3.4 was deployed on the server side using Docker
Desktop. LoadGuard-JMeter was compared with Free-Form Arrivals (FFA) and Throughput
Shaping Timer with Concurrency Thread Group (TSTCTG). All three schemes were tested
with an 800 RPS stress load.

To ensure the results were consistent, five separate tests were run for each scheme
using the same setup. Each test lasted 300 seconds, providing individual data on the
performance of each scheme. The data were analyzed to determine the mean, standard
deviation, and 95% confidence interval for each metric (throughput, response times, error rate
and percentage of SLO violations for p95).

The LoadGuard-]Meter tool generated a separate CSV file that outlined what decision
was made. This file included information on the desired request rate, how much of the SLO
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was used, the risk zone and actions of the controller. The three schemes were analyzed to see
how they performed in terms of throughput, response times, error rates and how often they
entered violation periods of the SLO. LoadGuards decisions were analyzed to gain an
understanding of how the controller behaved. This information was used to determine how
well LoadGuard controlled the load during stress periods and the trade-off between
throughput and response time. Statistical methods were also used in the Comparative Analysis
section (Figure 1) of the experiment. This included using mean, standard deviation and 95%
confidence intervals to analyze the five independent experimental runs.

Experimental Setup:

For the experiments, two separate machines were used. Both had Intel Core i7
processors, 16 GB RAM, Windows 11 OS, and JDK 17 installed. The processor had 20 cores
(8 Performance-cores and 12 Efficient-cores), 28 threads, a maximum turbo speed of 5.40
GHz, 33 MB Intel Smart Cache, and Intel UHD Graphics 770. The two machines were
connected directly using an Ethernet cable, with one working as the client and the other as the
server.

The first machine was used as the client to generate load. Apache JMeter version 5.6.3
was used for this purpose. The LoadGuard-JMeter Plugin has been integrated into JMeter.
The plugin contains an Elastic Timer to manage the request rate and a Metrics Listener to
collect runtime metrics. The controller changes the target request rate based on the p95
response time and error-rate SLO usage. The FFA [11] and TSTCTG [12][13] schemes were
also executed on the same client machine.

The second machine acted as an application server running the TeaStore microservice
benchmark tool (version: 1.3.4). Docker Desktop was used to deploy TeaStore, meaning all
microservices and features would have been run within a container. JMeter would make HTTP
requests to TeaStore via the Ethernet connection. This arrangement placed the load generator
and application on separate machines, preventing their CPU and memory usage from directly
competing for the same resources.

Whilst JMeter was running all the results were saved onto the client machine. The
standard results showed details of each request including response time and whether it had
been successful or not. This data was used to find out the throughput, average response time,
p95/p99 response time, max response time and error rate. LoadGuard-]Meter created an extra
file called decisions.csv which showed what the target request rate was, what the actual
throughput was, how much of the SLO was being used, what risk zone it was in and what the
controller did INCREASE/HOLD/DECREASE). This was useful for seeing how the
controller was behaving.

All three schemes used the same client/server setup, TeaStore deployment, Ethernet
connection, and measurement methodology. They were compared using the overall
throughput, successful throughput, response time, error rate and how many windows the p95
SLO was breached. LoadGuard-]Meter used the decisions.csv file to see how the target request
rate changed based on the SLO feedback during runtime. Data was analyzed using 5 second
windows.

FFA [11] and TSTCTG [12][13] were chosen as they are two practical methods of
creating high controlled loads in JMeter. FFA represents fixed open-loop arrival-based load
generation, while TSTCTG represents plugin-based shaped throughput control with a
Concurrency Thread Group. Neither baseline changes the target rate according to live SLO
feedback. LoadGuard-JMeter, in contrast, changes the target rate during the run through
INCREASE, HOLD, and DECREASE actions.

The experiment was performed using separate client and server machines to avoid
direct interference. During the experiment, no metrics were collected for CPU, memory,
network, or TeaStore container resource usage.
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System Architecture and Design:

The LoadGuard-]Meter component is an additional lightweight component that can
be used within a standard Apache JMeter setup. This component does not replace the Thread
Group, Sampler, or Results Listeners included with JMeter; instead, it monitors completed
requests at predefined intervals. These are then used to calculate the current state of the SLO
and adjust the rate of requests being made. Figure 2 presents the overall architecture and
runtime control flow of LoadGuard-JMeter.

User Setup Standard JMeter Test Plan Configuration (JMeter GUI)
. 1
[ ] Request HTTP Request Target System / i RPS and SLO
Tester defines [~T®| Pacing Timer [ Sampler ] Web API PR : Configuration
test elements, ! !
objectives, and @ @ % L
thread groups I i CSV Output
A L Configuration
———————————————————————————————— 1
! Completed Samples !
L (responses) |
v

UpdatEd I Window Metrics SLO Feedback ision Log Writ
Target RPS lll Collector > back Controller [y Decision Log Writer

A A A
Y N N
4

&

|

i §3.4 Metric Computation ‘: E §3.5 - §3.6 Control Logic i E : CSV Output File
: « Monitoring Window : : * SLO Usage from p95 and Error Rate | 1 « Decision Trace CSV : /
: « Observed Throughput | 1 ® Risk Zones: SAFE / HOLD / : : o Target RPS \
H : I I VIOLATION | | * Observed Throughput 1
y, *raverage Respanseitimet i L e binding I i e p95/p99 !
I +!;p@oikesponse Tfme | | » Control Action: INCREASE/ | | * Error Rate :
| * P99 Response Time I | HOLD/DECREASE } | * SLO Usage 1
: « Error Rate i | « Target RPS Update (bounded : e Risk Zone -
: : : by min/max) | : ® A_Ct'°” :
T M s pciTmerbelay )
Y Interval-based closed-loop control

L e J
Figure 2. The system is an extension of the Apache JMeter tool that adds request rate
control, runtime data collection, SLO aware feedback control and decision logging.

The architecture follows a feedback control model. JMeter is used to send requests to
the system under test, completed samples are then collected and metrics calculated per interval.
The current SLO status is then determined and used by the controller to adjust the target
request rate for the next interval.

A Thread Group and HTTP Request sampler are created as usual. Under the Thread
Group the LoadGuard-JMeter plugin is added with a pacing component and measurement
component. The tester configures the initial RPS, minimum RPS, maximum RPS, p95
response-time SLO, error-rate SLO, warm-up duration, HOLD margin, increase/decrease
percentages, and CSV output path.

The general structure of LoadGuard-JMeter includes all aspects of its runtime
execution: performance measurements, SLO-based decisions, pacing decisions, and decision
logging. In addition, it demonstrates how the general components of the system design are
used throughout the execution. Including calculating monitoring windows, using SLOs, risk
zone classification, making pacing decisions, and recording decisions made in CSV format.
Integration with JMeter Execution Flow:

LoadGuard-JMeter operates within the normal JMeter execution flow. Before sending
a sampler request, the Request Pacing Timer reads the current target RPS and converts it into
a delayed value. This delay controls the rate at which the active JMeter threads send requests.
After completing the sampler request, the Window Metrics Collector receives the sample and
records its response time and success status in the current monitoring window.

The plugin controls the workload by changing request pacing instead of changing the
number of JMeter threads during test execution. Hence, the Thread Group remains stable
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while the effective request rate can be increased or decreased from one monitoring interval to
another.
Let Py represent the target request rate during interval k, and let Ny represent the
number of active JMeter threads.
N, x 1000
Dy = round (—— 1)
Py

where Dyis the request delay in milliseconds? When Pyincreases, the delay becomes
smaller. When Pjdecreases, the delay becomes larger.
Functional Runtime Components:

LoadGuard-JMeter has 4 runtime components and 2 configuration components. The
Request Pacing Timer will add a delay before executing the sample request at the most recent
target RPS. The Window Metrics Collector takes the completed samples and organizes them
into monitoring windows. The SLO Feedback Controller will store the current target RPS,
uppet/lower RPS limit, SLO values, warm up, risk zone and most recent action. It then uses
the window metrics to decide whether the target request rate for the next interval should be
increased, maintained, or reduced. The Decision Log Writer will record one line per
monitoring window.

Configuration Components:

These components will allow user defined values to be set. The RPS and SLO
Configuration will contain the starting RPS, minimum RPS, maximum RPS, p95 SLO, error
rate SLO, warm up time, HOLD margin and raise/lower percentage values. The CSV Output
Configuration will determine if decision logging is enabled and where to save the output file.
This allows LoadGuard-JMeter to be used within a normal JMeter test plan whilst retaining
the feedback control logic.

These components all work together. The Elastic Timer takes the current RPS Target
from the SLO Feedback Controller and calculates how long to pause before each request. The
Metrics Listener takes the response time and success from each request. These are then
grouped into monitoring windows and fed back to the controller, which calculates SLO usage
and the applicable risk zone. The controller will then update the RPS Target depending on
what risk zone we are currently in. This will then be used by the Elastic Timer for the next
requests. The Decision Log Writer logs the calculated metrics, RPS Target, Risk Zone and
what the controller has done in a CSV file. This means all parts have access to the current
request rate and metric data at an interval level.

Monitoring Window and Metric Computation:

LoadGuard-JMeter evaluates runtime behavior in monitoring windows. Let Wybe the
set of samples completed during interval k, and let n, =| Wy, |be the number of completed
samples in that interval. For each sample i, r;denotes the response time, and S;denotes the
success status, where S; = lrepresents success and s; = Orepresents failure.

The average response time is computed as:

Nk
1
Ravg,k = n_ T (2)
=
The observed throughput is computed as:
Ny
T, = — 3
=3 O

where Atyis the actual duration of the monitoring window in seconds
The number of failed requests is computed as:
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N
Fe=)d-s) @
i=1
The error rate is then computed as:
Fic
E, =—x100 5)
Nk

The Window Metrics Collector also computes the 95th and 99th percentile response
times, denoted as Rgs yand Rggy. These values are used because tail latency gives a clearer
view of SLLO behavior than the average response time alone.

The error rate represents the percentage of samples that resulted in errors. The p95
SLO-violation rate represents the percentage of monitoring windows in which the p95
response time exceeded the defined threshold (100 ms). An error rate is a different metric
from the SLLO-violation rate. The response-time percentiles are calculated from the response-
time values of the collected samples. If these samples include errors, then they will be included
in the calculation of the p95 and p99 values.

SLO Usage and Risk Classification:

LoadGuard-JMeter uses p95 response time and error rate as the main SLO indicators.
Let Ogbe the configured p95 response-time SLO and let Ogbe the configured error-rate SLO.
The response-time SLO usage is computed as:

R95,k

Upk = X 100 ©)

R
The error-rate SLO usage is computed as:

Ey
Ugr =—x100 (7)
’ HE
The final SLO usage is the larger of the two values:
U = max (Ug , Ugx) )

This means that the controller reacts to the worst SLO condition in the current
interval. If latency is within the SLO but the error rate is high, the error-rate usage controls
the decision. If the error rate is low but p95 latency is high, the response-time usage controls
the decision.

Let Mbe the HOLD margin percentage. The risk zone is assigned as:

SAFE_ZONE, Up < 100 — M
Zy ={ HOLD_ZONE, 100 —-M < U <100 ©)
VIOLATION_ZONE, Uy > 100

For example, if the p95 SLO is 100 ms and the HOLD margin is 30%, then SLO usage below
70% is treated as safe. SLO usage from 70% to 100% is treated as the HOLD zone. SLO
usage above 100% is treated as violation.

Closed-Loop Pacing Policy:

The SLO Feedback Controller updates the target request rate according to the
current risk zone. Let Pybe the current target RPS, Py j,the minimum allowed RPS, Py 4the
maximum allowed RPS, athe increase percentage, and Sthe decrease percentage.

During warm-up, metrics are recorded but the target RPS is not changed. After warm-
up, the target RPS is updated as:
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Py, warm-up is active
(04
min (Pmax: Pk(l + m)), Zk = SAFE_ZONE
Pir1 = P, Z = HOLD_ZONE (10
max (Pmin» Pk(l - ]ﬁ_o)), Zk = VIOLATION_ZONE
The corresponding control action is:
WARMUP, warm-up is active

A4 = INCREASE, Z, = SAFE_ZONE 1

ke HOLD, Z, = HOLD_ZONE (D

DECREASE, Z; = VIOLATION_ZONE

This policy is intentionally kept simple. It does not require training data, model files,
or any external monitoring service. The tester only defines the SLO boundary and RPS limits,
while the controller responds to the observed system behavior in each monitoring window.

The parameters and variables used in Equations (1)—(11) are defined in the
accompanying text. The main parameters of the controller are presented in Table 1. Equations
(1)—(11) define request pacing, monitoring metrics, SLO metrics, and the controllet's decision
policy. When there are no completed samples in a monitoring window, the throughput is zero.
There will also be no response time or error rate data in this case. The monitoring window
should therefore be excluded from SLLO-based controller decisions.

Decision Trace and Output:

While JMeter provides default listeners that can display response times, throughput
and error data, they do not explain how the runtime controller has changed the RPS of the
target system during testing. LLoadGuard-JMeter maintains a separate decision trace using the
Decision Log Writer.

Each CSV entry corresponds to one monitoring window. It records the elapsed time,
timestamp, window size, old target RPS, new target RPS, current target RPS, observed
throughput, active threads, sample count, average response time, p95 response time, p99
response time, minimum response time, maximum response time, error count, error rate,
configured SLO values, SLO usage, control state, risk zone, selected action, and timer delay.

The CSV Output Configuration specifies the path where this file is stored. After test
execution, the tester can use this file to reconstruct the behavior of the controller. It can also
be used to plot the target RPS, observed throughput, p95 latency, error rate, SLO usage, and
controller actions over time.

Algorithm:

Algorithm 1 details the SLO-aware closed-loop pacing algorithm used in LoadGuard-
JMeter. The algorithm begins by using the specified pacing rate to introduce delays between
requests through the Elastic Timer. During this time, we monitor the system and log the
response times and success rates of our requests over defined windows of time. Once the
warm-up period is complete, the p95 response-time and error-rate SLO usage values are
calculated. We then classify the current state of the system into either SAFE_ZONE,
HOLD_ZONE or VIOLATION_ZONE. Depending on the state, the pacing rate is
increased, maintained, or reduced within the defined minimum and maximum limits. We log
the metrics at an interval level using the Metrics Listener and Decision Log Writer. This allows
us to dynamically control the request pacing throughout the test.

Algorithm 1: SLO-aware closed-loop request pacing
Input: Initial target RPS P_0, minimum RPS P_min, maximum RPS P_max, p95 response-
time SLO 6_R, error-rate SLO 0_E, increase percentage o, decrease percentage g, HOLD
margin M, monitoring interval At, warm-up duration W
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success status.

target RPS unchanged.

using Equation (10).

Output Updated target RPS and interval-level decision trace
Set the current target request rate to P_0.

Start the JMeter Thread Group.
Before each sampler request, the Request Pacing Timer reads the current target RPS.
Compute the request delay using Equation (1).

Apply the delay and execute the sampler request.

After the request is completed, the Window Metrics Collector stores the response time and

Continue collecting samples until the monitoring interval is complete.

At the end of the interval, compute average response time, observed throughput, error rate,
p95 response time, and p99 response time using Equations (2)—(5).

If elapsed time is less than the warm-up duration, set the action to WARMUP and keep the

If warm-up is complete, compute response-time SLO usage using Equation (6).

Compute error-rate SLO usage using Equation (7).

Compute final SLO usage using Equation (8).

Assign the risk zone using Equation (9).

If the interval is in SAFE_ZONE, set the action to INCREASE and update the target RPS

If the interval is in HOLD_ZONE, set the action to HOLD and keep the target RPS
unchanged using Equation (10).
If the interval is in VIOLATION_ZONE, set the action to DECREASE and update the
target RPS using Equation (10).
The Decision Log Writer records the interval metrics, SLO usage, risk zone, action, old
target RPS, and new target RPS.
The updated target RPS is used by the Request Pacing Timer in the next interval.
Repeat Steps 3—18 until the JMeter test ends.

Runtime Parameters:

The main runtime parameters of LoadGuard-]Meter are summarized in Table 1.
Table 1. Runtime parameters of LoadGuard-JMeter.

Parameter Symbol Purpose

Initial target RPS P, Starting request rate used when the test begins
Minimum target RPS Pin Lower bound used during DECREASE actions
Maximum target RPS Prax Upper bound used during INCREASE actions
Monitorine ; Time window used for metric computation and control

onitoring interval At decisi

ecisions
. Initial period during which metrics are recorded but

Warm-up duration w target I{DPS is not chagnged
p95 response-time SLO O Latency boundary used for response-time SLO usage
Error-rate SLO Og Error boundary used for error-rate SLO usage
Increase percentage a Percentage used to raise target RPS in the safe zone
D Percentage used to reduce target RPS in the violation

ecrease percentage B Jone
HOLD margin M Margin below the SLO boundary where target RPS is held

CSV output path

File path used to store interval-level metrics and decisions

Results and Discussion:

The results are presented in two stages. First, the comparative analysis of each
scheme’s representative experimental run is given. This demonstrates how LoadGuard-]Meter
performed in comparison with each scheme and illustrates the runtime characteristics during
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the 800 RPS stress scenario. Next, five separate experimental runs of each scheme are detailed
with statistical analysis to show how consistent and reliable the performance differences were.

The results are presented and discussed by evaluating throughput, response time, error
rate, SLO violations, and the L.oadGuard-JMeter controller’s behavior during execution. The
experiment was conducted under the 800 RPS stress scenario using the TeaStore benchmark.
The aim was to determine whether LoadGuard-JMeter can pace requests when approaching
or exceeding the set SLO thresholds.

The results were compared against FFA and TSTCTG [12]{13] that were set to
produce the workload without adjusting the target rates based on the SLOs during runtime.

The generated workload and the responses received were evaluated. This is important
due to some scenarios generating a high number of requests; however, they may not complete
in an acceptable time limit. Other scenarios may generate fewer requests but experience lower
latency and fewer errors. The results will therefore be explored by looking at the throughput,
successful throughput, average response time, p95/p99, maximum response time, etror rate
and SLO violation windows. The decisions made internally by the LLoadGuard controller will
also be examined to understand how the request rate was adjusted.

The aim of this evaluation is to show that LoadGuard-JMeter can perform SLO-safe
load regulation. This does not necessarily mean that it will always generate the highest
throughput, it means that once LoadGuard has determined that the offered load is unsafe, it
can dynamically control the rate of requests being generated to improve tail-latency, prevent
error propagation and maintain a controlled state within the test. LoadGuard-JMeter was
compared with two established JMeter load-generation tools: Free-Form Arrivals Thread
Group and Throughput Shaping Timer with Concurrency Thread Group. The aim was to
configure these two tools to apply a constant 800 RPS, whereas LLoadGuard could dynamically
control its target rate using real-time feedback from p95 response times and error rates.

All three workload generation approaches were tested using the same stress-testing
parameters. A maximum target workload of 800 RPS was used, with a test duration of 300 s.
The FFA and TSTCTG baseline configurations both ran at a constant workload of 800 RPS.
The LoadGuard-JMeter configuration had an initial target rate of 150 RPS and subsequently
adjusted its target rate according to the measured SLO-related metrics during runtime. Table
2 provides the full details of the configurations used for each approach, including concurrency
settings, SLO thresholds, monitoring intervals, controller settings, and output files.

Table 2. Configuration of the 800 RPS stress test. Abbreviations used in the table columns
are Target load (TL), Duration (D), concurrency limit (CL), SLO setting (SLOS), Output

files (OF).
Scheme TL D |CL SLOS OF
FFA 800 arrivals/s 300's | 800 E9SO/SLO = 100ms, error SLO | gy
- 0
TSTCTG | 800 RPS 3005 | goo | D72 SLO = 10 ms, erorSLO T gy

p95 SLO = 100 ms, error SLO
= 5%, interval = 5 s, warm-up
300s | 100 | = 15 s, increase = 20%, | CSV
decrease = 30%, HOLD
margin = 30%

These parameters were chosen for testing the controller with the 800 RPS stress
scenario. A starting rate of 150 RPS was chosen so that the initial load would not reach the
maximum target rate at the beginning of the test. The 15 s warm-up period allows metrics to
be collected before the controller makes decisions. The 5 s monitoring interval means that the
controller checks the SLO regularly. The increase and decrease percentages were set to 20%

Initial 150 RPS, min

LoadGuard 10, max 800
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and 30% respectively. The HOLD margin was set to 30%, meaning that the controller will not
increase the target rate when it approaches the SLO limit. The controllet's response may vary
depending on how these settings are configured. Having lower intervals and higher changes
means that the rate will often change. Whereas having longer intervals and smaller changes
could cause it to react slower to SLLO violation. These values were used for this evaluation;
however, they might not be optimal for all systems.

The configuration for concurrency varies between the schemes as they have different
methods for workload generation. The concurrency for both FFA and TSTCTG was set to
800 threads for the constant 800 RPS stress workload. However, because LoadGuard-]Meter
has a dynamic request rate controlled by the SLO feedback, it was set to a concurrency level
of 100 threads. This means that the concurrency levels were not identical across all three
schemes. However, the different concurrency should be taken into account when looking at
throughput and response times.

The results given in Tables 3-5 have been obtained from representative runs from each
of the experimental schemes. Table 6 shows the mean values and their standard deviation and
95% confidence intervals for five independent runs. Percentage reductions have been taken
relative to the relevant FFA and TSTCTG values. The results are given separately as only a
single run, and five runs have been performed.

Overall Throughput and Response-Time Performance:

The results given in Table 3 provide an overview of the performance of the three
different workload-generation approaches. It can clearly be seen that there are large differences
in the number of requests made, successful throughput, response time, and error rate of each
solution.

Table 3. Overall comparison under 800 RPS stress. Abbreviations used in the table columns
are Samples (S), Successful requests (SR), Avg TPS (ATPS), Successful TPS (STPS), Avg
Response time (ART), Max Response time (MRT), Error rate (ER)

Scheme S SR ATPS | STPS | ART | p95 | p99 | MRT | ER
FFA 222,293 | 222,293 | 740.98 | 740.98 L011.071 1734 1 2375 | 5238 0%
ms ms | ms ms
TSTCTG | 194,718 | 46,006 | 649.06 | 153.35 75350 | 20971 3261 | 9498 76.37%
ms ms | ms ms
LoadGuard | 26,310 | 26,310 | 87.70 | 87.70 3413 o1 133 212 0%
ms ms | ms ms

The FFA scheme generated the largest number of samples, reaching a total of 222,293
requests over 300 seconds. As all requests were successful, both the average throughput and
successful throughput were 740.98 requests/s. This was near the 800 RPS defined in the
workload. However, there could be issues with the workload generation and execution.
Nevertheless, the FFA scheme generated a high number of requests without considering
whether the response-time SLO was violated.

Whilst the FFA scheme generated a high number of successful requests, the response
times were severely affected. The average response time was 1011.07 ms, while the p95 and
P99 response times reached 1734 ms and 2373 ms, respectively. The maximum response time
was 5238ms. This was significantly worse than the defined p95 response time of 100ms. The
p95 indicates that 95% of requests had a response time less than or equal to 1734 ms.
However, 5% of the requests would have a response time greater than 1734ms. The p99
indicates that approximately 1% of requests experienced a response time greater than 2373
ms. Overall, although the scheme generated many successful requests, a substantial proportion
experienced long response times.

Opverall, the FFA results show that a high number of successful requests alone is
insufficient to evaluate system performance under load. The error rate remained at 0% and
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the response time SLO was greatly exceeded. Although the system successfully processed all
requests, the time required to process them increased substantially. Because FFA uses a
predefined arrival rate, the workload does not decrease when the system takes longer to
respond. This can increase the amount of queued work as additional requests continue to
arrive. This can be seen in the results.

The TSTCTG scheme was able to generate 194,718 samples. This provided an average
throughput of 649.06 requests per second. However, only 46,006 requests were successful,
providing a successful throughput of 153.35 requests per second. This caused an error rate of
76.37% meaning over 3/4 of the requests failed. This is a huge difference to the FFA scheme
where there were no failed requests.

The results of the TSTCTG scheme indicate that we were unable to sustain the defined
shaped workload to achieve success. Whilst there was a high number of samples, a large
proportion of these samples failed. This means the average throughput of 649.06 requests per
second doesn’t represent how many requests were actually completed successfully. However,
there was a successful throughput of 153.35 requests per second.

The response times were severely affected, with an average response time of 753.50ms.
This caused the p95 and p99 response times to be 2097ms and 3261ms. The maximum
response time was 9498ms. Whilst the average was lower than the FFA scheme, the p95, p99
and maximum were all higher. This means we can’t rely on the average response time to
represent how the system is performing under load. The average can be low whilst a small
number of requests has a long delay. However, we must also consider that there was a high
failure rate.

The results of the TSTCTG scheme show that using a defined throughput doesn’t
mean requests will be successfully completed with a reasonable response time. Whilst the
scheme attempts to keep the defined workload by using the shaping and concurrency features,
it doesn’t consider the p95 response time or error rate in real time to reduce the target rate.
This resulted in a high number of tail latency requests and a large number of failed requests.

LoadGuard-JMeter had a different outcome. It was able to successfully complete
26,310 requests over the 300 seconds. This gave a throughput of 87.70 requests/s and a
successful throughput of 87.70 requests/s. This was a much lower throughput than the FFA
and TSTCTG schemes. However, it wasn’t designed to have the highest request rate, instead
it aimed to control the target rate to stay within the defined SLO.

As the scheme has an initial target of 150 RPS, this will be adjusted depending on the
p95 response time and error rate in real time. If the SLO is violated, the controller will lower
the target rate. If the system is performing well and safely under the SLO, the controller will
increase the target rate. This means that the total number of requests generated will be lower.

This resulted in much lower response times. The average was 34.13ms, with the p95
and p99 being 91ms and 133ms. The maximum response time was 212ms. This meant that
the p95 remained below the defined 100ms SLO. However, the p99 indicates that some of the
requests had a response time higher than the SLO. Overall, however, the tail latency was much
lower than the baseline schemes.

Compared to the FFA scheme, the overall p95 response time dropped to 91ms from
1734ms. This is an improvement of around 94.75%. The p99 also improved from 2373ms to
133ms, an improvement of around 94.40%. The maximum response time also greatly
improved from 5238ms to 212ms. Compared to the TSTCTG scheme, the p95 and p99
improved by around 95.66% and 95.92%. The maximum response time also greatly improved
from 9498ms to 212ms.

However, we must consider how the throughput affects the response times.
LoadGuard-JMeter used a much lower request rate than the baseline schemes, meaning that
the lower latency should not be interpreted as evidence that it processed an equivalent
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workload faster. Instead, the feedback control mechanism has decided to use a lower workload
to provide much better response times.

From Table 3, we can see three different outcomes. FFA had high successful
throughput but severe latency. TSTCTG had a high sample rate but also high tail latency and
failure rate. LoadGuard-JMeter reduced the applied workload and achieved much lower
response times with no failures, although this also reduced throughput.

Figure 3 shows the same trade-off. FFA achieved the highest throughput, while
TSTCTG produced the highest p95 and p99 response times. LoadGuard-JMeter had much
lower latency. FFA had a mean response time of 1011.07 ms and p95 of 1734 ms. TSTCTG
had a mean of 753.50 ms, p95 of 2097 ms and p99 of 3261 ms. In comparison, LoadGuard-
JMeter had a mean of 34.13 ms, p95 of 91 ms and p99 of 133 ms.

Overall, all three schemes generated load against the benchmark. However,
LoadGuard-JMeter used SLO feedback to control the workload, resulting in lower latency and
fewer failures at the cost of lower throughput.
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Figure 3. Comparison of FFA, TSTCTG, and LoadGuard-JMeter in terms of throughput,
average response time, p95 response time, and p99 response time under the 800 RPS stress
scenario
Window-Level p95 SLO Behavior:

The overall response-time results provide a general indication of the performance of
each complete scheme. However, these results do not indicate how often each scheme violated
the specified SLO. Although a scheme may have an acceptable overall response time, it may
still experience short periods of high latency. Other schemes may consistently exceed the
specified SLO. Therefore, the results were also analysed by dividing the data into 5-second
intervals.

The 300-second duration of each scheme was divided into 60 intervals of 5 seconds
each. For each interval, the p95 response time was calculated and compared with the specified
100 ms SLO. If the p95 response time for an interval exceeded the specified SLO, that interval
was classified as a violation. The violation rate was calculated based on the number of violating
intervals.

Table 4 presents the p95 SLO-violation results for each scheme. Both baseline
schemes had violations for all intervals. FFA recorded 60 violations (100%), while TSTCTG
also recorded 60 violations (100%). This means that neither baseline scheme returned to
compliance with the specified p95 SLO during the 300-second test.

Table 4. Window-level p95 SLLO behavior. Abbreviations used in the table columns are
Total windows (TW), Violation windows (VW), Violation rate (VR), Mean window
p95(MeanP95W), Max window p95 (MaxP95W)

Scheme | TW | VW VR MeanP95W | MaxP95W
FFA 60 60 100% | 1729.13 ms | 2072.35 ms
TSTCTG 60 60 100% | 1878.52ms | 7089.55 ms
LoadGuard | 60 13 | 21.67% 77.95 ms 164 ms
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The average window p95 for FFA was 1729.13 ms, while the maximum window p95
was 2072.35 ms. Both values are substantially higher than the 100 ms SLO. The average
window p95 was approximately 17.29 times the threshold. This shows that the high p95 values
in the overall results were not limited to a few isolated occurrences. The p95 SLO was violated
in every monitoring window throughout the run.

The max window p95 also gives information on how bad the violation was. A
maximum value of 2072.35 ms indicates that at least one window had a p95 response time
exceeding 2 seconds. The 100% violation rate indicates that the p95 SLO was exceeded in
every monitoring window.

TSTCTG had a similar result to FFA but had more severe p95s. The average window
P95 was 1878.52 ms and the max p95 was 7089.55 ms. Both values were higher than the
corresponding values for FFA.

This high maximum indicates that at least one monitoring window had a very high p95
response time. Although the overall p95 was 2097 ms, the maximum window p95 indicates
that some monitoring periods experienced even more severe latency. This is consistent with
the high maximum response time and error rate reported in Table 3. However, the summary
statistics do not provide further details about the causes of these high latencies.

LoadGuard-JMeter had very different results. Only 13 windows (21.67%) had a
violation for the p95 SLO. This means that 47 windows (78.33%) remained within the
configured p95 SLO. The average window p95 was 77.95 ms and max p95 was 164 ms.

The average window p95 was below the 100 ms threshold, consistent with the overall
p95 response time of 91 ms reported in Table 3. However, there were still 13 violations
showing that the controller was not able to completely avoid violations. The controller is
reactive because its decisions are based on measurements of requests completed within the
current monitoring window. Consequently, an SLO violation may occur before the controller
reduces the request rate. This is an expected issue with using interval-based controllers.

The maximum window p95 was 164 ms, indicating that the threshold was exceeded in
at least one monitoring window. However, the value was much lower than both FFA and
TSTCTG. This suggests that the controller reduced the severity of p95 violations by lowering
the request rate when the measured SLO usage entered the violation zone.

Compared with the two baselines, LoadGuard-JMeter reduced the p95 violation rate
from 100% to 21.67%, a decrease of 78.33 percentage points. This meant that there were 47
less windows that had a violation. As each window lasted 5 seconds, the baselines had 300
seconds of violating windows, whereas LoadGuard-JMeter had 65 seconds. This duration
represents the total length of monitoring windows classified as violations, not the exact time

during which individual response times exceeded the SLO.
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Figure 4. Comparison of total monitoring windows, p95 SLO-violation windows, and

violation rates for FFA, TSTCTG, and LoadGuard-JMeter under the 800 RPS stress
scenario.
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The results shown in Table 4 provide further evidence. Table 3 shows that
LoadGuard-JMeter had a much lower overall p95 response time. However, Table 4 also shows
that the proposed scheme met the specified p95 SLO in most monitoring windows. This
demonstrates an additional benefit: a reduction in the number of monitoring windows in
which the p95 SLO was exceeded.

Figure 4 compares the total number of monitoring windows, the number of violating
windows, and the violation rates of the three schemes. All schemes were evaluated over the
same number of windows, allowing a direct comparison of the proportion of intervals in which
the p95 SLO was exceeded.

FFA and TSTCTG both achieved a 100% violation rate. This is because the number
of violating windows was equal to the total number of monitoring windows. In contrast,
LoadGuard-JMeter had only 13 violating windows, accounting for 21.67% of the total run.

This provides an important insight into the proposed work. LoadGuard-JMeter aims
to regulate request pacing using real-time SLO measurements. When these measurements
indicate an unsafe state, the controller lowers the target request rate according to its configured
policy. This is reflected in the reduced violation rate seen in Figure 4.

There are some interesting points seen from the figure. Firstly, LoadGuard-]Meter is
not completely violating freely. As the controller runs after the measurement has been taken,
there will always be some short-term violations. The results therefore provide evidence to
show that the frequency of SLO violations has been reduced.

The baselines continued to have violations. This is due to the fact that FFA and
TSTCTG have different ways of generating workloads. While FFA generates an arrival-based
workload, TSTCTG uses a throughput-shaping method with concurrency control. However,
neither method uses the p95 SLO to adjust the target rate. Both baselines had a 100% violation
rate, meaning that neither maintained the specified latency requirement under the selected

stress conditions.

The LoadGuard-JMeter results show that runtime feedback enables the controller to
respond to latency measurements by lowering the target request rate. Therefore, the p95
response-time threshold was not exceeded in most monitoring windows. This indicates that
implementing a closed-loop pacing system can reduce the duration of SLO violations during
performance testing. However, this was achieved at the cost of reduced effective throughput.
LoadGuard-JMeter Controller Behavior:

The previous comparisons show the performance differences between LoadGuard-
JMeter and the two baseline schemes. However, they do not explain how the proposed
controller adjusted its target request rate during the experiment. To examine this behaviour,
the LoadGuard-JMeter decision CSV file was analysed. The decision file recorded the target
request rate, observed performance measurements, SLO usage, risk zone, and controller action
for each monitoring interval.

Table 5. LoadGuard planned rate, risk zone, and control actions. Abbreviations used in the
table columns are: Control action (CA), Windows (W), Target RPS range (TRPS), Avg target
RPS (ARPS), Avg P95 (AP95), Max P95 (MP95)

Risk zone CA \\4 TRPS ARPS AP95 MP95
WARMUP_ZONE WARMUP 2 | 150.00-150.00 | 150.00 | 47.50 ms | 66 ms
SAFE_ZONE INCREASE | 26 | 52.28-166.37 | 97.36 | 51.96 ms | 68 ms
HOLD_ZONE HOLD 15| 54.40-166.37 | 88.59 | 81.60 ms | 95 ms
VIOLATION_ZONE | DECREASE | 15 | 43.56-116.46 | 76.28 | 123.53 ms | 164 ms

Table 5 presents the LoadGuard-JMeter controller results grouped according to the
recorded risk zones and control actions. The controller had been set up with a p95 SLA of
100ms and an error rate SLA of 5%. In our configuration, the HOLD margin was set to 30%,
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the increase percentage to 20%, and the decrease percentage to 30%. This meant that when
SLO usage was below 70%, the controller was in the SAFE_ZONE. Between 70% and 100%
usage, the controller was in the HOLD_ZONE, while values above 100% placed it in the
VIOLATION_ZONE. Depending on the identified risk zone, the controller increased,
maintained, or decreased the target request rate.

For the 300 second experiment, 60 5 second windows were used to analyze
performance. However, there are only 58 decision points in the decision CSV because the
monitoring intervals were of roughly equal length but not exactly 5 seconds. There are 2
WARMUP decisions in the 15 second warmup period. These take place at 5.011 seconds and
10.030 seconds. The next decision will take place at 15.151 seconds. Thus, there are 58
controller actions. This is shown in Table 5.

From the decision CSV we can see that all three decision types have been made
(INCREASE, HOLD and DECREASE). This shows that the controller is not simply reducing
the rate of requests throughout but is instead making decisions based on the system state
found in the monitoring windows.

During the warm-up period, the controller kept the initial target request rate of 150
RPS. From the logs we can see that there were 2 monitoring windows during this period. The
average target rate was also 150 RPS. The average p95 response time was 47.50ms with a
maximum of 66ms which was below the set SLO of 100ms.

The controller was using this period to allow the benchmarking and workload
generation environment to start. Whilst collecting performance data, the controller was not
increasing or decreasing the target rate. As mentioned in the algorithm, this is due to the
controller not making any decisions during the set warm-up period.

Once the warm-up period ended, the controller began making decisions based on the
SLO. The SAFE_ZONE had the highest number of decisions (26). From the logs we can see
that the average target rate was 97.36 RPS with a range of 52.28 — 166.37 RPS. The average
P95 response time was 51.96ms with a maximum of 68ms.

This shows that the system was well within the p95 SLO. As the p95 response time
was below the latency of 70ms (70% of SLO), the controller was able to make INCREASE
decisions whilst keeping the error rate within the safe zone.

The controller would increase the target rate by 20%, up to the predefined maximum.
This allows LLoadGuard-JMeter to attempt to increase the workload. From the target range we
can see that at various points during the experiment the controller was within the safe zone
with varying target rates. This is due to the controller constantly trying to increase the target
rate.

The HOLD_ZONE had 15 windows. The controller kept the target rate the same.
The target rate range was 54.40 — 166.37 RPS with an average of 88.59 RPS. The average p95
was 81.60ms with a maximum of 95ms.

From this we can see that the hold decisions were made when the system was
approaching the set SLO. With a HOLD margin of 30% and an SLO of 100ms on p95, the
controller will hold the target rate if the latency is within 70-100% of SLO. This allows the test
to continue without increasing the workload.

The HOLD decision is different to both INCREASE and DECREASE. The
controller will not always try to increase throughput during every interval. It will also not
decrease the request rate until a violation has been identified. Instead, the controller will keep
the target rate the same. The average p95 response time was 81.60 ms, meaning that the p95
response time was below the specified SLO of 100ms but within the safer region.

The VIOLATION_ZONE had 15 DECREASE decisions. The target rate range was
43.56 — 116.46 RPS with an average of 76.28 RPS. The average p95 response time was
123.53ms with a maximum of 164ms.
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This shows that the controller saw instances where the p95 was over the set SLO.
When a violation was identified, the controller would decrease the target rate by 30%. This
would reduce the workload going forward. The controller would also ensure that it would not
go below the minimum RPS set.

We can also see that the maximum request rate of 800 RPS was not achieved. The
maximum target rate seen was 1606.37 RPS. This is due to the controller detected the SLO
conditions and therefore decided to hold and decrease the target. Even though the controller
was allowed to increase up to 800 RPS, it was not continuing to do so.

The maximum RPS is part of the controller and is not a workload that the controller
will attempt to achieve. If the response time or error rate shows unsafe conditions,
LoadGuard-JMeter will not attempt to keep the maximum rate. Instead, it will adapt based on
what it sees.

Looking at the average target rates, we can see that the SAFE_ZONE had an average
of 9736 RPS, the HOLD_ZONE had an average of 8859 RPS and the
VIOLATION_ZONE had an average of 76.28 RPS. This should not be seen as the target
rate having changed as the data is split into the risk zones. It does, however, show that different
decisions were made based on the target rate.

This gives us more evidence that the feedback mechanism works. LoadGuard-JMeter
will increase the planned workload if it sees that the system is safely within the SLO. If the
controller sees that the conditions are approaching the boundary then it will stop increasing.
If it sees a violation then it will decrease the workload. This is different to the comparison as
the workload was pre-set.

Figure 5 shows that the controller has made the most INCREASE decisions (26).
There were 15 HOLD decisions and 15 DECREASE decisions. There were also 2 warm-up
decisions.

As there were more INCREASE decisions, this shows that the controller was trying
to increase the workload as much as possible when within the safe zone. This is an important
part of the mechanism as LoadGuard-JMeter does not just try to decrease the load. It will try

to increase the request rate if the SLO usage shows that it can increase the workload safely.
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Figure 5. Distribution of LoadGuard-JMeter controller actions (WARMUP, INCREASE,
DECREASE, and HOLD) across monitoring windows during the 800 RPS stress test.

The 15 HOLD actions show that the controller was often very close to the SLO limit.
As a result, it stops increasing the target request rate. The target rate remains unchanged,
preventing further increases. This is done because the response-time measurements are very
close to the threshold.

The 15 DECREASE actions indicate that SLO violations occurred on several
occasions. This is an important action to show that if the controller detects degraded
performance, it decreases the target request rate. If there was no feedback mechanism in place
then LoadGuard-JMeter would have continued to follow the previous target request rate.

The combination of INCREASE, HOLD, and DECREASE actions shows that the
controller operated in different states during the same experiment. It was not restricted to a
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single predefined workload level. Instead, the target request rate was adjusted according to the
measured system response. Figure 5 therefore supports the controller-behavior results in
Table 5 by showing the frequency of the different decisions.

However, Figure 5 represents the distribution of controller actions rather than their
chronological order. It does not show exactly when the actions occurred or how many
consecutive windows remained in each state. The decision CSV contains the interval-level
records needed for such an analysis. The present figure is therefore useful for showing the
occurrence and frequency of the controller’s decisions, while Table 5 provides the

corresponding target-rate and p95 response-time measurements.
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Figure 6. LoadGuard-JMeter's time series behavior in a 300 second stress test. (a) Expected
request rate and actual throughput; (b) p95 response times and their relation to the
configured SLO of 100 ms; (c) Controller actions (DECREASE=0, WARMUP=1,

HOLD=2, INCREASE=3).

Figure 6 provides an overview of the time series characteristics of LLoadGuard-JMeter
over the course of the 300 second stress test.

Figure 6 (a) illustrates the relationship between target RPS and actual throughput and
shows how the controller is dynamically changing the load. (b) shows how the p95 response
time compares with the defined SLO of 100ms by displaying the instances where we exceed
our SLO. (c) shows the sequence of steps taken by the controller when it is managing the load.
It can be seen that the controller is operating on a 5 second interval, therefore there will be a
lag between the change in system state and the next pacing adjustment made. This means that
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the controller frequently switches between different states. The target RPS is fluctuating as
there is no convergence towards a specific value, however we can see from the graph that
there is bounded control of the load. Occasionally we exceed our SLO, and the control actions
are being changed frequently to show that the controller does not remain fully stable around
the SLO threshold.

Discussion of Throughput and SLO Compliance:

In summary, the results shown in Tables 3-5 demonstrate the primary trade-off
associated with using a SLLO aware workload generator. While FFA and TSTCTG aimed to
apply the predefined stress workload, LoadGuard-JMeter used an adaptive target rate of
requests. The static workload generators resulted in a higher number of requests being applied
but had significantly worse performance in terms of response times. LoadGuard-JMeter
resulted in fewer requests but had much better performance with significantly lower response
times and fewer p95 SLO violations.

FFA had the highest successful throughput with 740.98 requests/sec. However, as
there were 0% of errors, all requests applied resulted in a successful throughput. The p95
response time was very high with 1734ms compared to the defined 100ms SLO.

TSTCTG had a much lower successful throughput with only 153.35 requests/sec.
Even though it had an average sample rate of 649.06 requests/sec, it had a high error rate of
76.37%. The p95 response time was very high at 2097ms, and all monitoring windows
exhibited an SLO violation. This meant that not only were requests failing but the latency was
also violated continuously.

LoadGuard-JMeter had a successful throughput of 87.70 requests/sec. There wete no
errors recorded and the general p95 response time was 91ms. 47 of the 60 monitoring windows
were within the defined 100ms SLO. This demonstrates that the controller effectively
decreased the workload, so the system was running in a much lower latency state for most of
the tests.

These results demonstrate that there is a difference between aiming for maximum
throughput or SLO adherence. Workload generators can apply a high number of requests but
it the system cannot meet the defined response-time objective, this may result in poor
performance. Whereas if using an SLO aware workload controller such as LoadGuard-]Meter
the workload will be reduced to ensure acceptable response times are maintained.

There was a significant reduction in the throughput. LoadGuard-]Meter resulted in a
successful throughput that was approximately 88.16% lower than FFA and 42.81% lower than
TSTCTG. This shows that whilst the latency and SLO results have improved, the workload
applied to the benchmark has been significantly reduced.

Therefore, LoadGuard-JMeter does not provide a higher maximum capacity than the
two baselines. Instead, it provides a feedback mechanism that adapts the workload being
applied based on the observed SLO. This means that the performance test can still be carried
out but at a reduced request rate.

Looking at the results per window also helps to support this. Both static approaches
resulted in all monitoring windows having an SLO violation for the p95 metric. LoadGuard-
JMeter reduced this to 21.67%. Looking at the decisions made by the controller this was due
to the runtime INCREASE, HOLD, and DECREASE actions. This means that the reduced
number of violations were due to a workload control mechanism that adapted the target
request rate during runtime.

Discussion of Closed Loop Control:

The results obtained using LoadGuard-JMeter show how a simple feedback control
policy can be applied to the normal JMeter workflow. As previously mentioned, the controller
uses the 2 SLLO metrics of P95 Response Time and Error Rate to decide what state the system
is currently in. The higher the SLO metric value, the higher the risk zone in which the system
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is classified. Based on the decision, the controller will decide what rate to aim for in the next
window.

From the decisions we can see that the controller has taken action based on what state
the system was in. If the system was safe then the controller would increase the desired rate.
When close to the threshold (but below), it will keep the current rate. Finally, if the threshold
was exceeded then the desired rate will be decreased. This follows the controller policies
outlined in the system design.

This is where the HOLD region becomes important. Without the HOLD threshold
the simple controller may have caused the request rate to continually increase and at some
point, cause the SLO to be exceeded. By having a HOLD region, the controller can stop the
planned increase in load before actually reaching the threshold. From the results we can see
there were 15 windows where the controller decided to HOLD. The average P95 response
time here was 81.60ms meaning that the controller could identify safe intervals that were closer
to the threshold.

The DECREASE action is the main way the controller will respond to the system
being overloaded. If the SLO metric was above 100%, the desired rate will be decreased. As
expected, we can see that the average P95 for the VIOLATION_ZONE is much higher than
both the HOLD_ZONE and SAFE_ZONE with a value of 123.53ms.

When the INCREASE action is used, this is the reverse of the previous action. This
means that the controller can increase the load based on the current metrics. This prevents
the controller getting stuck at a low rate. From the results we can see that the INCREASE
action was used the greatest number of times (26 windows). This shows how the controller
continues to try to increase the desired rate whenever it observes a safe state.

As we can see all three actions have been used, which shows how the LoadGuard-
JMeter has implemented feedback-based pacing. The controller has actively adjusted the
desired rate based on the performance of the system. This is the main difference between the
LoadGuard-JMeter and the defined workload generation methods.

However, the results also show that the controller did not actually reach the maximum
desired rate (800 RPS). The rate range was much lower. This shows that the SLO threshold
had limited the increase in load. The controller would have preferred to have a lower rate than
to increase towards the max.

The results also depend on the parameters used. The HOLD threshold was set to 30%,
so this meant that the controller would stop increasing the workload eatlier. The rate would
also increase by 20% and decrease by 30%. The monitoring period was also set to 5 seconds
so this meant the controller could only react every 5 seconds. Depending on the parameters,
the desired rate could behave differently and cause different tradeoffs between throughput
and latency. This shows how the controller works with the parameters set but doesn’t mean
they would be the best option for all systems.

General Discussion and Research Implications:

From all three comparisons, LoadGuard-JMeter exhibited the expected functionality
of an SLO aware feedback-based load generation mechanism. In the FFA approach the
predefined load generation approach still resulted in a high rate of requests despite having a
high number of response time SLO breaches. The FFA resulted in a high throughput of
successful requests but also had a high latency throughout. The TSTCTG had a large number
of failed requests and a high tail latency. The LoadGuard-JMeter reduced the workload and
operated in a low latency state with no errors.

Overall, it is clear that response times should be considered when looking at
throughput and error rates. Both the FFA and TSTCTG had a high throughput, but the FFA
had a much higher p95 response time than the set SLO. The TSTCTG had a high throughput
of samples, but the majority of requests failed.
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The LoadGuard-]Meter resulted in fewer requests but had an overall p95 below the
set threshold. Most monitoring windows achieved a p95 response time that was within the set
SLO. A smaller number of breach windows were seen meaning the controller was helping to
keep the system within a set response time for a greater proportion of the test. The decision
CSV also showed that the rate was being adjusted to hit the desired rate using the INCREASE,
HOLD, and DECREASE decisions.

This answers the research questions put forward by this study. Firstly, the interval-
based metrics were used to control the rate of requests (RQ1). Secondly, the p95 response
time and error rate metrics were mapped to the risk zones and controller decisions (RQ2).
Thirdly, the comparison showed that the LoadGuard-JMeter had a substantially lower tail
latency, error rate and number of p95 SLO breach windows compared to the TSTCTG (RQ?3).
Lastly, the throughput results showed that this was achieved by having a substantially lower
effective rate of requests (RQ4).

The results should be interpreted based on the load and system configuration used in
the experiment. Only one instance of TeaStore was used along with a 300 second stress
scenario. The controller was also tuned to a particular set of values. This meant that the
baseline had a fixed workload of 800 RPS and the LoadGuard-JMeter started at a lower rate
of 150 RPS and dynamically changed the target rate. Therefore, each method was running at
different throughputs. Further experiments with equivalent offered loads, different SLO
thresholds and other load patterns will help to understand how generalizable these results are.

Opverall, the evaluation has shown that LoadGuard-JMeter does achieve its main goal.
The proposed plugin introduces an SLO aware feedback controller to Apache JMeter. This
can increase, maintain, or reduce the rate of requests in the same test. The feedback controller
helped to maintain a substantially lower response time whilst keeping no requests failing in the
800 RPS stress scenario. This was achieved by reducing the effective workload. Therefore,
LoadGuard-JMeter should be seen as a workload controller for performance testing. This is
due to the fact that maintaining near the set SLO boundaries is more important than applying
the maximum possible rate of requests.

Although the three scenarios were executed in the same experimental environment,
different effective request rates were used. FFA and TSTCTG were both set to generate 800
requests per second. However, LoadGuard-JMeter was configured to initially generate a
smaller number of requests (150 RPS) and dynamically adjusted based on the feedback from
the SLO. Therefore, it is not an advantage that LoadGuard-JMeter results in shorter response
times. This investigation is mainly interested in comparing how the three scenarios perform in
a common stress-testing scenario. For further investigation into the effect of workload
reduction and the feedback controller, additional experiments need to be carried out using
similar load levels.

The results of this study were obtained by using the TeaStore benchmark. The two-
node configuration and the workload settings will affect the decisions made by the controller.
This can result in different response times and throughputs depending on the workload
configuration, application architecture, hardware resources and SLO thresholds. In practice,
the LoadGuard-JMeter allows more flexible control when testing by allowing testers to
consider their application’s performance requirements. However, these improvements in
performance have only been tested within this environment and cannot be assumed to apply
to all applications.

Repeated-Run Validation and Statistical Analysis:

In the last section we looked at how LoadGuard-JMeter performed in comparison to
FFA and TSTCTG during the 800 RPS stress test. Here we look at how consistent the
performance was. For each scheme we ran 5 runs independently with the same client-server
environment, using the TeaStore benchmark with the same workload configuration. We
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performed five runs sequentially. These five runs were not randomized. Prior to executing
each run, The TeaStore Docker environment and JVM process were reset. This ensured we
began each run from a clean state to minimize any impact of the application's runtime state.
The time taken for each run was 300 seconds. We gathered performance data by running
JMeter and capturing the results in CSV format. We looked at the performance in terms of
successful throughput, average response time, p95/p99 response times, error rate and p95
SLA violation. This was then used to calculate the mean, standard deviation (SD) and 95%
confidence interval (CI) for each of the runs.

Table 6 shows that the overall differences in performance between the three schemes
remain consistent when running multiple runs. FFA had the highest successful throughput.
TSTCTG had high error rates and response times. LLoadGuard-JMeter had low response times
and SLA violations. However, it was running at a reduced request rate.

Table 6. Mean, SD and CI for performance across 5 runs.

Metric FFA TSTCTG LoadGuard
Successful RPS 741.20 £ 8.35 154.10 = 9.45 88.15 = 4.20
95% CI [730.83, 751.57] [142.37, 165.83] [82.94, 93.30]
Avg RT (ms) 1015.40 £ 28.60 758.30 + 35.20 35.10 £ 3.25
95% CI [979.89, 1050.91] [714.60, 802.00] [31.006, 39.14]
p95 (ms) 1742.60 £ 45.20 2108.40 + 73.60 92.40 £ 5.80
95% CI [1686.48, 1798.72] | [2017.02, 2199.78] [85.20, 99.60]
P99 (ms) 2381.40 + 62.50 3275.20 = 95.40 135.20 £ 9.60
95% CI [2303.80, 2459.00] | [3156.75, 3393.65] | [123.28, 147.12]
Error rate (%) 0.00 £ 0.00 76.10 = 2.30 0.00 £ 0.00
95% CI [0.00, 0.00] [73.24, 78.90] [0.00, 0.00]
p95 violations (%0) 100.00 %= 0.00 100.00 = 0.00 22.00 = 3.33
95% CI [100.00, 100.00] [100.00, 100.00] [17.87, 26.13]

Throughput Performance:

The results from the repeated runs showed that FFA had the highest average
successful throughput at 741.20 with a standard deviation of 8.35 requests per second and a
95% confidence interval of [730.83, 751.57]. TSTCTG had an average throughput of 154.10
requests per second with a standard deviation of 9.45. LoadGuard-JMeter had an average
throughput of 88.15 requests per second with a standard deviation of 4.20. The mean
throughput had a 95% confidence interval of [82.94, 93.36] which was considerably lower than
the throughput ranges of the baseline solutions. As seen in the single run evaluation,
LoadGuard-JMeter had a lower successful throughput due to its controller reducing the
desired rate of requests. The low standard deviation of 4.20 RPS shows that there was little
variation in the successful throughput across the 5 runs. However, the lower throughput does
confirm that the proposed mechanism prioritizes adhering to the SLOs over maintaining the
highest workload.

Average Response Time Performance:

There was a substantial difference in the observed average response times between the
schemes. FFA had an average response time of 1015.40 ms with a standard deviation of 28.60.
TSTCTG had an average response time of 758.30 ms with a standard deviation of 35.20.
LoadGuard-JMeter had an average response time of 35.10 ms with a standard deviation of
3.25. This had a 95% confidence interval of [31.06, 39.14]. This represented a decrease of
approximately 96.54% compared to FFA and 95.37% compared to TSTCTG. The confidence
intervals did not overlap, indicating clearly separated estimates of the mean response times
across the five runs. LoadGuard-JMeter consistently had a much lower average response time
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due to the dynamically controlled workload. However, this should be taken into consideration
with the lower effective request rate maintained by the controller.
P95 and P99 Response Times:

The tail latency results also highlight the differences in performance. FFA had an
average p95 response time of 1742.60 ms (£45.20). TSTCTG had an increased p95 response
time of 2108.40 ms (+73.60). LoadGuard-]Meter had a much lower average p95 response time
of 92.40 ms (+5.80) with a 95% confidence interval of [85.20, 99.60]. This is a reduction in
the average p95 response time by around 94.70% and 95.62% compared to FFA and TSTCTG
respectively.

Similar results can be seen for the p99 response times. FFA had a response time of
2381.40 ms (£62.50) and TSTCTG had a much higher 3275.20 ms (£95.40). LoadGuard-
JMeter had a much lower p99 response time of 135.20 ms (£9.60) with a 95% confidence
interval of [123.28, 147.12]. This is a reduction in the average p99 response time by
approximately 94.32% and 95.87% when compared to FFA and TSTCTG. The low standard
deviation of the p95 and p99 response times for LoadGuard-JMeter show that there was a
small range of variations in the tail latencies for each of the five runs. The p95 confidence
interval was below the set SLO of 100ms. However, this doesn’t imply that all the monitoring
windows met the SLO. Overall, the results can be seen to demonstrate that LoadGuard-]Meter
had much lower tail latency times compared to the fixed load solutions.

Error Rates:

For error rates, neither FFA nor LoadGuard-JMeter produced any failures. This meant
they had an average error rate of 0.00% (+0.00). TSTCTG had a high average error rate of
76.10% (£2.30) with a 95% confidence interval of [73.24, 78.96]. This shows that most of the
requests failed when using TSTCTG. The low confidence interval demonstrates that the high
error rate was consistently seen in each run. LoadGuard-]JMeter had an error rate of 0% which
shows that the reduced workload was still in a state where all requests were completed
successfully. As with the previous metric, FFA had a 0% error rate. This shows that although
the response times were high, no errors were experienced when completing requests.

P95 SLO Violations:

The results for SLO violations also confirm the previous observations. Both FFA and
TSTCTG had an average SLLO violation rate of 100.00% (£0.00). This means that all the
monitoring windows did not meet the set SLO of 100ms for p95. LoadGuard-JMeter had an
average of 22.00% (+3.33) with a 95% confidence interval of [17.87, 26.13]. This is a reduction
in the average SLO violation rate of 78% when compared to both the baselines.

LoadGuard-]Meter has a similar result to its first evaluation. It had a violation rate of
21.67%. The standard deviation shows that there was some variation in the number of
monitoring windows that violated the SLO across each of the five runs. However, the average
violation rate was still considerably lower than the baselines. This shows that LoadGuard-
JMeter was not able to eliminate any SLO violations but consistently reduced them when
under stress. This aligns with the functionality of the controller. The target request rate will
increase when in safe conditions, remain around the edge of the SLO and reduce when a
violation is encountered.

Throughput and Latency Trade-Off:

Across the multiple runs, there is a clear throughput-latency trade-off. FFA produced
the highest successful throughput. However, the average, p95 and p99 response times were
still much higher than the set SLO. TSTCTG had a less successful throughput than FFA and
had high response times and many failed requests. LoadGuard-JMeter had the lowest
successful throughput. However, it also had much lower average and tail response times. No
requests failed and there were fewer monitoring windows that violated the SLO.
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The results clearly show that there was a large difference in each of the metrics between
each scheme with clearly defined 95% confidence intervals. However, this just shows the level
of uncertainty around the mean of each scheme. To determine if there was a significant
difference in the average values, further statistical analysis would need to be performed.

The results from multiple runs also align with what can be seen in Table 5 for the
LoadGuard-JMeter controller decisions. The target request rate increases when in safe
conditions and remains around the edge of the SLLO. If a violation is encountered then the
target will be reduced. This means the workload can be adjusted based on the current operating
condition. The results from the multiple runs show that similar latency and SLO trends were
observed.

Overall, the results from the five runs confirm the findings from the initial
comparison. LoadGuard-JMeter consistently had lower response times, 0 errors and fewer p95
SLO violations when compared to the fixed load baselines. It also ran at a much lower request
rate. There is evidence to suggest that the performance will be consistent under these
conditions. However, it should be noted that these latency improvements do not mean that
LoadGuard-JMeter has improved performance at the same level of workload intensity. The
different schemes were running at different effective request rates. The results support
LoadGuard-JMeter as an SLO aware method for pacing requests. It ensures the workload is
controlled to keep the system in a lower latency state during stress testing.

Statistical Analysis

Each workload generation mechanism was run 5 times independently with the same
experimental setup and their results were analyzed. The mean, standard deviation (SD), and
95% confidence interval (CI) were calculated for the successful throughput, average response
time, p95 and p99 response time, error rate and p95 SLO violation percentage.

For each performance metric, the mean was calculated as:

Xyt xy +xg +x, + X
B 5

where xi represents the measured value from the ith experimental run and (n=5) is the
number of independent runs.

The sample standard deviation was calculated as:

X (x; — %)?
4

The 95% confidence interval was calculated wusing Student's t-distribution:

95% CI = x + 2.776 5D
0 =X T 4. X —
V5

The degree of freedom for the 5 independent runs was (n-1=4). Therefore, the tcrit
value was 2.776. Hence, confidence intervals were calculated using the mean and standard
deviation of the 5 runs.

Looking at the statistical data in Table 6 we can see LoadGuard-JMeter had a mean
p95 response time of 92.40 £ 5.80 ms (95% CI: [85.20, 99.60]). This is much lower than the
baseline schemes which both had an average response time of 1742.60 * 45.20 ms (FFA) and
2108.40 £ 73.60 ms (TSTCTG). In terms of p95 SLO violations, LoadGuard-JMeter had a
mean violation rate of 22.00 £ 3.33%. This again is much lower than the baseline schemes
which both had 100%. Finally, we can note that the confidence intervals of the key response
time metrics do not overlap. This means there is a large difference between the two systems
when considering the variability of the 5 runs.

The statistical results show that LLoadGuard-JMeter has lower response times and less
p95 SLO violations over the five test runs. The low standard deviation indicates there was not
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much variation between the test runs. The 95% confidence intervals show the estimated range
for the population mean. Although LoadGuard-JMeter had a lower level of throughput
success, it had consistent response time and SO violations. This shows that the proposed
controller is effective at managing the workload to meet the requirements of the SLO.

The averages and standard deviations across the five independent runs of each scheme
were calculated. 95% confidence intervals were computed using a student’s t distribution with
four degrees of freedom. These were used consistently throughout the evaluation of the
primary performance measures as shown in Table 6. No hypothesis testing has been carried
out between the different schemes; hence the confidence intervals that do not overlap do not
reflect a statistical significance. The results have therefore been described based on the
variation and difference seen in the performance of each scheme over five runs.
Requirements of LoadGuard-JMeter:

LoadGuard-JMeter was developed using Java/JDK 17. It was tested with Apache
JMeter 5.6.3 and TeaStore microservice benchmark version 1.3.4. The current version of
LoadGuard-JMeter is v1.2. See the Data Availability Statement for further information.
Conclusion:

This paper presents LoadGuard-JMeter, an SLO-aware feedback loop that uses p95
response time and error-rate SLOs to dynamically adjust JMetet’s request rate. The plugin
consists of Elastic Timer, Metrics Listener, SLO Feedback Controller and Decision Log Writer
components. Depending on the current SLO state, the controller will classify the system as
SAFE, HOLD or VIOLATION and increase, hold or decrease the request rate respectively.

The results of the evaluation using the TeaStore microservice benchmark demonstrate
that LoadGuard-JMeter achieved a lower throughput than both Free-Form Arrivals (FFA) and
Throughput Shaping Timer with Concurrency Thread Group (TSTCTG). The stress test used
an 800 RPS load. FFA achieved the highest throughput of 740.98 requests/s. However, the
p95 and p99 response times increased to 1734ms and 2373ms. TSTCTG achieved a
throughput of 649.06 samples/s, however only 153.35 requests/s were successful. The error
rate increased to 76.37%. The p95 and p99 response times were 2097 ms and 3261 ms,
respectively. LoadGuard-JMeter achieved a throughput of 87.70 requests/s. However, the
response times were kept low with p95 and p99 of 91ms and 133ms. The maximum response
time was 212ms, with an error rate of 0%.

Neither of the baseline methods met the p95 SLO of 100ms. This was violated across
all 60 windows. LoadGuard-JMeter violated the p95 SLO for only 13 windows. This is a
violation rate of 21.67%. The decision CSV demonstrates that LoadGuard increased, held and
decreased the request rate based on the current SLOs. This clearly demonstrates the trade-off
between throughput and latency. LoadGuard isn’t designed to achieve the highest possible
throughput. Instead, it will reduce the request rate to keep the system within a lower latency
state when unsafe conditions for the SLO’s occur.

These results were further analyzed by running the schemes 5 times. From the
statistical analysis it can be seen that LoadGuard-JMeter had a mean p95 response time of
92.40 £ 5.80ms and mean violation rate of 22.00 & 3.33%. These are similar to what was found
in the first experiment. The low standard deviation and 95% confidence interval show that the
performance was consistent.

The evaluation was limited to the TeaStore benchmark, stress testing for 300 seconds
with specific SLO thresholds. The methods compared have different effective request rates
due to differing objectives to control the workload. For future work, the controller will be
tested with different workload patterns, SLO thresholds, monitoring intervals and controller
settings. The controller will be evaluated over longer periods. to understand the stability of the
controller; how much throughput can be sustained and how generally applicable it is. This will
be done by matching workload levels and using different application environments.
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