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. ABSTRACT: The web automation is vulnerable to timing uncertainty cteated by

asynchronous JavaScript, network variability, dynamic rendering, server load, and browser
scheduling. In Selenium WebDriver, fixed sleeps and statically configured timeouts can
cither fail when a page is slower than expected or waste execution time when the page is
faster than the chosen delay. This paper proposes a Performance-Aware Adaptive Smart
Wait (PASW) strategy that dynamically estimates an element-specific wait budget from
two complementary information sources: runtime page-performance signals and historical
element-readiness behaviour. The framework combines navigation and rendering
indicators, long-task/blocking behaviour, ptior element readiness times, variability, and
recent failures to calculate a bounded adaptive timeout before applying condition-aware
WebDriver waits. A preliminary baseline obtained from the supplied GTmetrix
assessment reports a Grade C, Performance score of 67%, Structure score of 89%, Largest
Contentful Paint (LCP) of 2.7 s, Total Blocking Time (IBT) of 133 ms, and Cumulative
Layout Shift (CLS) of 0. This baseline indicates that the test environment is suitable for
studying the relationship between page responsiveness and automation synchronization.
The proposed evaluation compates no-wait/ fixed-sleep, implicit wait, explicit wait, fluent
wait, and PASW under controlled network and server-load conditions. Primary outcomes
are test success rate, flaky-failure rate, timeout frequency, element-wait duration, and total
execution time. The study is designed to determine whether performance-aware
adaptation can reduce unnecessary waiting while retaining or improving automation

reliability.

1. INTRODUCTION

Web applications increasingly rely on asynchronous operations such as API requests, deferred JavaScript execution, client-side
rendering, lazy loading, animations, and background resource fetching. These mechanisms improve user experience but create
timing uncertainty for browser automation. A Selenium script can locate or interact with a target before that target exists,
becomes visible, becomes enabled, or becomes unobstructed. Selenium documentation explicitly notes that a test can attempt
an interaction before a dynamically created or revealed element is ready, and it warns that fixed sleep values can be either too
short for reliability or excessively long for efficiency [1].

WebDriver standardizes browser automation and includes configurable timeout behaviour, but timeout values remain
application- and environment-dependent [2]. In practice, automation engineers frequently compensate for timing uncertainty
by increasing sleep durations or timeout limits. This can suppress some intermittent failures, yet it creates a fundamental trade-
off: larger waits improve tolerance of slow executions but increase test-suite duration, whereas smaller waits reduce runtime
but may amplify flakiness. Presler-Marshall et al. demonstrated that Selenium configuration and timeout strategies affect both
test stability and runtime performance [3].
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Flaky tests are tests whose outcomes vary without a corresponding change in the software or test logic. UI automation is
particularly exposed because browser rendering, network activity, event ordering, and resource availability are inherently
asynchronous. Romano et al. analysed 235 flaky UI tests and found asynchronous-wait issues to be a major root cause,
accounting for 105 cases in their dataset [4]. Subsequent research has introduced automated approaches for replacing sleeps,
tuning waiting times, and synthesizing wait oracles [5]-[9]. These studies establish that synchronization is not merely a coding

convenience; it is a measurable software-testing problem with direct implications for reliability and cost.

The central idea of this study is that the wait decision should incorporate information about how the web page is actually
behaving. Traditional waits are primarily driven by a timeout chosen in test code. The proposed Performance-Aware Adaptive
Smart Wait (PASW) instead treats wait time as a dynamic estimate. It combines element-level history with runtime page-
performance signals and then delegates final synchronization to a condition-aware explicit wait. This creates a feedback loop in
which each execution contributes evidence for later executions.

The contribution is therefore not a new replacement for Selenium WebDriver, but a performance-aware synchronization layer
above it. The framework is intended for dynamic institutional portals, online examination systems, dashboards, admission
systems, learning platforms, and similar web applications in which response time can vary with network quality and concurrent

server load..
2. BACKGROUND AND RELATED WORK
2.1 Selenium Synchronization

Selenium provides implicit waits and explicit condition-based waits as synchronization mechanisms [1]. An implicit wait is a
session-wide timeout applied to element location; the default is zero. Explicit waits repeatedly evaluate a condition until it
succeeds or reaches a timeout, and FluentWait allows the polling interval and ignored exception classes to be configured.
Selenium cautions against mixing implicit and explicit waits because their interaction can produce unpredictable timeout
duration [1]. The W3C WebDriver specification similarly defines timeout configuration and the conditions under which element

interaction can fail [2].

A fixed sleep differs conceptually from a condition-based wait. Sleep pauses for the entire programmed duration, even when
the element becomes ready earlier. A condition-based wait can return as soon as its predicate is satisfied. However, both still

require an upper bound, and choosing that bound is the central issue addressed in this paper.
2.2 Flakiness and Asynchronous Waits

Flaky tests undermine trust because a failure no longer reliably indicates a regression. The survey by Parry et al. synthesizes a
broad literature on causes, impacts, detection, and mitigation of flaky tests [10]. For UI systems, the asynchronous nature of
browser and network events is particularly important. Romano et al. reported that 45.1% of the 235 UI flaky-test samples they
studied were caused by asynchronous-wait issues, with the proportion higher in web projects than mobile projects [4]. Hashemi
et al. likewise found concurrency-related issues, including asynchronous waits and race conditions, to be a dominant cause of

flakiness in JavaScript projects [11].
2.3 Automated and Adaptive Waiting Research

Presler-Marshall et al. compared Selenium configurations, browsers, and timeout strategies, showing that wait configuration
influences stability and runtime [3]. Olianas et al. proposed SleepReplacer, which automatically replaces Thread.sleep statements
with explicit waits and demonstrated the practical value of migrating from unconditional delay to state-aware synchronization
[5]. Pei et al. studied 49 reproducible asynchronous-wait flaky tests from 26 open-source projects and found that developers
changed wait times in about 63% of cases. Their TRaf approach uses code similarity and change history to recommend more
efficient waiting times [6].

Liu et al. introduced WEFix, which uses browser UI changes to predict client-side execution and generate explicit wait oracles.
On 122 web end-to-end flaky tests, WEFix reported high correctness and substantially lower overhead than a repeated-rerun
baseline [7]. Zhang et al. presented an industrial study of a robust waiting strategy for web GUI testing, reinforcing the practical
importance of synchronization design in large systems [8]. More recently, Olianas, Leotta, and Ricca proposed SleepReplacer-
GPT to replace thread sleeps in Selenium WebDriver tests using an Al-assisted approach [9].
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The distinction of PASW is the explicit inclusion of web-performance measurements in the timeout-estimation loop. The
reviewed approaches emphasize configuration, code replacement, change history, Ul-change signals, or industrial waiting
patterns. PASW instead asks whether observable performance characteristics such as navigation delay, long-task pressure, prior
LCP/TBT behaviour, and element readiness history can jointly predict a suitable timeout budget at runtime.

Table 1. Positioning of the proposed PASW framework against representative related work

Condition- Explicit -
Approach Primary idea ondition Learns/history xplict . page
aware performance input
Selenium waits [1] Implicit/ f:xp}icit/ fluent Yes (explicit) ||No No
synchronization
Presler-Marshall et al. [3] Analyse imeout/
Varies No No
configuration effects
SleepReplacer [5] Replace sleeps with
Yes No No
explicit waits
‘TRaf [6] Infer wait values from
Time-based Yes No
code similarity/history
WEFix [7] Generate waits from
Yes Yes/signals Indirect
UlI-change signals
Robust industrial waiting [8] Industrial waiting strategy |Yes Application-specific  ||Not central
PASW (this work) Runtime performance
+ element history + Yes Yes Yes
explicit condition

2.4 Web Performance Signals

Core Web Vitals currently focus on loading, responsiveness, and visual stability through Largest Contentful Paint (LCP),
Interaction to Next Paint INP), and Cumulative Layout Shift (CLS) [12]. LCP reflects when the largest content element in the
viewport is rendered; web.dev recommends 2.5 seconds or less for a good LCP at the 75th percentile [13]. Lighthouse
additionally reports Total Blocking Time (TBT), the sum of main-thread blocking portions of long tasks between First
Contentful Paint and Time to Interactive. Chrome documentation classifies desktop TBT of 0-150 ms as fast and mobile TBT
of 0-200 ms as fast [14].

These metrics were designed primarily to characterize user experience rather than Selenium reliability. Nevertheless, they
describe the same browser and main-thread environment in which automation interactions occur. A page experiencing slow
resource delivery or prolonged main-thread blocking may also delay the point at which an element becomes reliably interactable.
PASW therefore uses page-performance measurements as predictive context, not as a replacement for WebDriver conditions.

3. PRELIMINARY PERFORMANCE BASELINE

The supplied GTmetrix assessment is used as the initial performance baseline for the planned experiment. It reports Grade C,
a Performance score of 67%, a Structure score of 89%, LCP of 2.7 s, TBT of 133 ms, and CLS of 0. These values are recorded
as observed inputs from the supplied test report and are not generated by the proposed framework.
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Table 2. Preliminary web-performance baseline from the supplied GTmetrix result

Metric Observed value Interpretation for the study

GTmetrix Grade Moderate overall baseline suitable for improvement and

stress experiments

Performance 67% Indicates measurable performance headroom
Structure 89Y% Relatively strong structural score compared with overall
’ performance
LCP 27 Slightly above the 2.5 s good threshold; useful loading-
Ts

latency signal [13]

TBT 133 Within Lighthouse fast range for both desktop and mobile
ms
thresholds [14]
CLS 0 Excellent visual stability; layout shift is unlikely to dominate

this baseline

GTmetrix Grade » Web Vitals

Performance ¥ Structure ! LCP * TET ¢ s v

2.7s 133ms O

Summary Performance Structure UX Waterfall Video History Alerts

CrUX Metrics (Latest 28 Day Collection Period) * Collaction Period: Aug 12 - Sep 8, 2026

cs are generated using Google's CriUX AP| database. Metrics are based on the 75th percentiie

Figure 1. Supplied GTmetrix baseline used to motivate the performance-aware waiting study

The LCP result is particulatly relevant because it indicates that the page is not consistently within the recommended "good"
loading range, whereas TBT and CLS are already strong. This combination creates an informative starting point: the system can
be tested to determine whether Selenium failures correlate more closely with loading latency, blocking behaviour,
setver/network delay, or element-specific readiness rather than assuming that a single global petformance score explains
automation reliability.

4. PROPOSED PERFORMANCE-AWARE ADAPTIVE SMART WAIT (PASW)
4.1 Design Principle

PASW separates two concerns. First, it estimates a timeout budget that is large enough for the current context but not
unnecessarily conservative. Second, it uses Selenium conditions to decide the exact moment when execution can continue. The
timeout is therefore a safety boundary, not a mandatory pause. If an element becomes ready immediately, the wait returns

immediately; if the environment is slow, the timeout expands within configured limits.
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Figure 2. Proposed PASW architecture and feedback loop y
4.2 Input Signals

PASW uses signals that are available at different points in a page lifecycle. Current-run navigation timing (for example, response
and DOMContentloaded timing) and recent long-task information can be available before all Core Web Vitals finalize. LCP
and TBT can be used when available in the current run or as historical page-profile values from prior runs. This distinction

avoids the methodological mistake of waiting for LCP merely to decide how long to wait for an earlier interaction.

Table 3. Candidate input signals for PASW timeout estimation

Signal group Examples Availability Purpose

mean readiness time, variance, Captures element-
Element history Across repeated runs

recent timeout/tetry count specific behaviour

‘TTFB/tesponse time, Captures
Navigation timing DOMContentLoaded elapsed time Early/current run server/network/

page startup delay

long tasks, recent blocking duration Captures JavaScript/
. o g > g p p

Main-thread activity Current run
rendering pressure

historical/current LCP, TBT, CLS  ||Current when finalized Captures broader

Page profile
or historical performance context
network profile, server-load 1 Controls and
Environment Experiment metadata
evel, browser/device class stratifies adaptation

4.3 Adaptive Timeout Model

Each target element e, the framework maintains the historical mean readiness time mu_e and a dispersion estimate sigma_e. A
normalized page-performance penalty P summarizes the currently available performance context. The proposed bounded

timeout is:
AWT_e = clamp(T_min, T_max, mu_e + k¥sigma_c + eta*P + S)

where AWT_e is the adaptive wait-time ceiling for element e; T_min and T_max prevent unrealistically small or excessive

values; k controls tolerance for element-time variability; eta scales the page-performance penalty; and S is a small safety margin.
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P is computed from normalized runtime indicators such as navigation delay and recent blocking activity, with historical
LCP/TBT values contributing when current values ate not yet finalized. The weights and constants are not assumed to be
universally optimal; they are hyperparameters to be tuned on a training subset and frozen before final evaluation.

An exponentially weighted update can give greater importance to recent executions while preserving history. If x_t is the
observed readiness time in the current run, the mean may be updated as mu_t = alpha*x_t + (1-alpha)*mu_(t-1), with 0 <
alpha <= 1. A similar exponentially weighted variance can be maintained. This allows the profile to respond to changing server

or application behaviour without discarding earlier observations.
4.4 Condition Selection

Timeout adaptation alone is insufficient. PASW pairs the estimated budget with the condition appropriate to the action. A text
assertion may require presence or visibility; a click should require visibility and clickability; an AJAX-updated value may require
a text/value predicate; navigation may requite URL or document-state change. This design follows the principle that a wait
should express the state the test truly needs rather than merely delaying execution.

4.5 Retry and Failure Policy

PASW permits a limited, observable recovery rather than unlimited retries. If the first adaptive wait expires, the framework
records the timeout context and may perform one bounded retry with an expanded ceiling if the page still shows progress.
Repeated failure is reported as a genuine test failure. Logging the first timeout, retry decision, final outcome, and actual readiness

time provides data for research analysis and prevents silent masking of defects.
4.6 Algorithm
Algorithm 1: Performance-Aware Adaptive Smart Wait
Input: driver, element locator e, required condition ¢
Output: element/action result or timeout failure
1. Read current runtime performance signals R
2. Load historical profile H_e for element e
3. Compute normalized performance penalty P(R, page history)
4. Estimate AWT_e = clamp(T_min, T_max, mu_e + k*sigma_e + eta*P + §)
5. Start condition-aware WebDriverWait(AWT_e) for condition ¢
6. If ¢ becomes true:

record actual readiness time x_t

update H_e using exponentially weighted statistics

execute action and return success
7. Else:

record timeout and current progress signals

if one bounded retry is allowed and progress is observed:

increase ceiling within T_max and retry once
else:
return timeout failure

8. Persist metrics for experimental analysis

4.7 Ilustrative Selenium Implementation Pattern
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Duration adaptiveTimeout = model.timeoutFor(pageld, elementld, runtimeSignals);
WebDriverWait wait = new WebDriverWait(driver, adaptiveTimeout);
long start = System.nanoTime();
try {
WebElement element = wait.until(
ExpectedConditions.elementToBeClickable(By.id("submit"))
)i
long readyMs = (System.nanoTime() - start) / 1_000_000;
model.recordSuccess(pageld, elementld, readyMs, runtimeSignals);
element.click();
} catch (TimeoutException ex) {
model.recordTimeout(pageld, elementld, adaptiveTimeout, runtimeSignals);
throw ex;

}

This pattern is intentionally compatible with standard Selenium APIs. PASW changes how the timeout is estimated and how
observations are logged; it does not require a proprietary browser driver. A Java prototype can store profiles in JSON, SQLite,
MySQL, or a simple CSV during early experiments, with a database preferred for large test suites.

5. EXPERIMENTAL METHODOLOGY
5.1 System Under Test and Test Scenarios

The evaluation should use a real dynamic web application containing representative interactions such as login, dashboard
loading, menu navigation, dynamic tables, AJAX-driven forms, file or content loading, and submission confirmation. Twenty
to thirty stable functional actions should be selected. Each action must have a deterministic functional oracle so that

synchronization failure can be separated from genuine application failure.

For high-load experiments, Selenium should be used as the functional browser probe rather than as the sole load generator. A
dedicated load-testing tool such as JMeter or k6 can generate 25, 50, 100, or 150 concurrent backend users while a controlled
number of Selenium sessions measure end-user automation behaviour. This separation avoids conflating browser-process

overhead with server-load effects.
5.2 Experimental Factors

Table 4. Experimental factors and suggested levels

|Factor HSuggested levels HPurpose ‘
Network condition  |[Normal, 100 ms latency, 300 ms latency, Tests sensitivity
600 ms latency, constrained throughput to client/network delay
|Server load ‘ 1, 25, 50, 100, 150 concurrent virtual users HTests backend-load sensitivity ‘
|\X/ait strategy HMl -M5 HIndependent variable ‘
Browser Chrome stable as primary; Controls/replicates
optional Edge/Firefox replication browser effects
Run repetition At least 30-50 repeats per principal Supports flakiness
configuration and distribution analysis
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5.3 Two-Stage Experimental Plan

1. Stage A - Network sensitivity: compare M1-M5 across five network profiles with server load held constant. Fifty
repetitions per combination yield 5 x 5 x 50 = 1,250 test-suite executions.
2. Stage B - Server-load sensitivity: compare M1-M5 across selected concurrent-load levels while network conditions are

fixed. Thirty repetitions across five load levels yield 5 x 5 x 30 = 750 additional executions.

The two-stage structure makes causal interpretation easier than simultaneously changing all factors. A later factorial study can
investigate interactions after the principal effects are understood. The exact number of repetitions may be adjusted following a

pilot variance analysis or power analysis, but the decision should be documented before final data collection.
5.4 Statistical Analysis

Execution-time and readiness-time distributions are expected to be skewed, so the analysis should report median, interquartile
range, mean, standard deviation, and 95th percentile. Normality should be assessed before choosing parametric tests. If
assumptions are satisfied, ANOVA with suitable post-hoc comparisons can be used; otherwise Kruskal-Wallis followed by
corrected pairwise tests is appropriate. Effect sizes such as Cohen's d or Cliff's delta should accompany significance tests.

Binaty outcomes such as pass/fail and timeout/no-timeout can be compared using chi-square or Fishet's exact tests and
modelled with logistic regression. A regression model can estimate the contribution of wait strategy, network profile, server
load, and their interactions to failure probability. Correlation or regression can also test whether element readiness is associated
with page-performance indicators. Multiple-comparison correction should be applied where necessary, and confidence intervals

should be reported rather than relying only on p-values.
6. EVALUATION CRITERIA AND RESULT REPORTING

The study should not claim improvement until the comparative runs are completed. The decision rule for PASW is therefore
defined in advance. PASW will be considered practically successful if it maintains a success rate statistically indistinguishable
from, or higher than, the strongest conventional baseline while reducing median or total execution time by a practically
meaningful amount. It should also avoid merely shifting failures into retries; first-timeout frequency, recovered retries, and final

failures must be reported separately.

Table 5. Result table to be populated after experimental execution

Strategy Success rate |[Median runtime 95th pct. runtime ‘Timeouts Retries

Fixed sleep ‘To measure ‘To measure 'To measure 'To measure 'To measure
Implicit wait ||To measure 'To measure 'To measure 'To measure 'T'o measure
Explicit wait ||To measure 'To measure 'To measure 'To measure 'To measure
Fluent wait To measure To measure 'To measure 'To measure 'T'o measure
PASW 'To measure 'To measure 'T'o measure 'T'o measure 'To measure

In addition to the aggregate comparison, a per-element analysis is important. Some elements may benefit substantially from
adaptation while others are already stable. Reporting only a whole-suite average can hide this difference. The final results section
should therefore identify high-variance elements, show how their adaptive timeout evolved, and compare their failure and wait-

time distributions across strategies.

The proposed framework reframes waiting from a fixed configuration parameter into a prediction problem. An automation
script rarely needs to know exactly how long a page will take; it needs a sufficiently safe upper bound while remaining responsive
to early success. Historical readiness data captures the local behaviour of an element, while performance signals explain some

of the environmental variation around that behaviour. Combining the two creates a cross-layer view of synchronization.
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The preliminary GTmetrix baseline illustrates why a single metric should not be treated as the wait oracle. LCP is slightly outside
the recommended good range, while TBT and CLS are strong. A Selenium failure could still occur because an API response,
overlay, delayed component, or server-side request is slow even when page-level scores appear acceptable. PASW therefore

uses performance context to scale risk but continues to rely on the exact WebDriver condition required by the action.

One expected practical advantage is reduced manual timeout tuning. In conventional suites, engineers often increase a timeout
after a failure and leave the larger value permanently. Over time, this can accumulate excessive latency across hundreds of
interactions. PASW instead records readiness observations and permits different elements to have different timeout

distributions. A stable button can retain a small ceiling, while a network-dependent table or report can receive a larger one.

However, adaptation can also conceal defects if implemented carelessly. A page that becomes progressively slower should not
simply receive ever-increasing timeouts. The T_max bound, failure logging, trend monitoring, and one-retry policy are therefore

essential. An adaptive framework should improve synchronization, not normalize a deteriorating application.
7. CONCLUSION

Timing uncertainty is a central cause of unreliable end-to-end web automation. Fixed sleeps are simple but inefficient, and static
timeout values cannot represent the full range of element and environment behaviour. Prior research has established the
importance of asynchronous waits and has demonstrated the value of automated wait repair and explicit wait generation.
Building on this foundation, the PASW framework proposes a performance-aware, element-specific adaptive timeout that
combines runtime page context with historical readiness behaviour while preserving Selenium's condition-based

synchronization semantics.

The supplied GTmetrix result provides a concrete preliminary baseline: Grade C, Performance 67%, Structure 89%, LCP 2.7
s, TBT 133 ms, and CLS 0. The next research step is empirical execution of the predefined comparison matrix. The contribution
should be judged not by whether PASW simply waits longer, but by whether it can maintain reliability with less unnecessary
waiting across realistic network and server-load variation. The paper therefore provides a transparent research design that can

be converted into a full empirical journal manuscript once comparative measurements are collected.
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