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ABSTRACT

Deadline-aware job queues are central to modern
compute backends—ranging from real-time analytics
pipelines to latency-sensitive microservices and soft real-
time batch processing. Classical policies such as Earliest
Deadline First (EDF) minimize deadline misses under
ideal assumptions, while size-based policies such as
Shortest Remaining Processing Time (SRPT) minimize
mean response time but can starve large jobs or violate
deadlines. This paper proposes HSA-DAJQ (Hybrid
Scheduling Algorithm for Deadline-Aware Job Queues), a
practical, preemptive policy that blends (i) laxity-aware
urgency from EDF, (ii) SRPT-style remaining-time tie-
breaking, (iii) aging for fairness, and (iv) lightweight
admission control based on predicted tardiness. HSA-
DAJQ maintains three priority bands—Urgent, On-
Track, and Background—and promotes/demotes jobs by
monitoring relative laxity L=d—t—r"L = d - t - \hat{r},
where dd is the deadline, tt is current time, and r*\hat{r}

is the predicted remaining time.
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Fig.1 Hybrid Scheduling Algorithm,Source([1])
We implement HSA-DAJQ in a discrete-event simulator
with preemptive-resume semantics, modest context-
switch costs, and noisy runtime estimates using an online
EWMA predictor. Across realistic, bursty workloads
(mixtures of heavy-tailed and light-tailed job sizes) and
under high utilization (p=~0.85\rho \approx 0.85), HSA-
DAJQ reduces deadline-miss rate by 35-60% versus EDF
and 70-85% versus MLFQ, while improving mean
slowdown by 18-28% over SRPT-only baselines.
Sensitivity analysis shows robustness to estimation error
(CV = 0.3-0.5) with bounded fairness loss due to aging.
The algorithm operates in O(logi/0n)O(\log n) per event
using heap-based queues and requires only two tunables

(aging half-life and demotion/promotion laxity bands).
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We discuss design trade-offs, statistical testing
(nonparametric comparisons with effect sizes), and
limitations, and outline future extensions to
heterogeneous multi-resource clusters.
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INTRODUCTION

Cloud and edge infrastructures increasingly host workloads
where when a job finishes is as important as sow fast it runs.
Examples include streaming analytics with SLAs, soft real-
time ML inference, and interactive micro-batch ETL.
Traditional objectives—e.g., maximizing throughput or
minimizing mean response time—are insufficient under
explicit or implicit deadlines. In practice, operators need
schedulers that (1) meet as many deadlines as possible, (2)
degrade gracefully when the system is overloaded or
estimates are noisy, and (3) preserve fairness to avoid
pathological starvation.

Single-objective policies struggle in these multidimensional
settings. EDF is optimal for meeting deadlines in ideal single-
processor preemptive models, but real systems deviate via
bursty arrivals, multi-server contention, misestimated
runtimes, and context switch overheads. SRPT is near-
optimal for mean response time but can increase deadline
misses and fairness risk. Priority queuing and multi-level

feedback queues (MLFQ) help, yet lack deadline awareness.
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Fig.2 Deadline-Aware Job Queues,Source([2])
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We propose HSA-DAJQ, a hybrid scheduler crafted for
deadline-aware job queues in multi-server systems. HSA-
DAJQ combines the urgency sensitivity of EDF with the
efficiency of SRPT and the safeguards of aging and
admission control. The result is a policy that is deadline-
aware, performance-efficient, and robust to estimation error.
Contributions

1. Hybrid priority function mixing relative laxity and
remaining time, implemented via three bands
(Urgent, On-Track, Background) with SRPT tie-
breaking and time-based aging.

2. Laxity-aware admission control that (softly)
rejects or downgrades jobs likely to miss deadlines,
stabilizing the system under overload.

3. Online prediction loop for remaining time using
EWMA of observed service rates, making the
scheduler resilient to noise.

4. Efficient data structures with O(logi/on)O(\log n)
per scheduling event and constant-time band checks.

5. Comprehensive simulation with bursty arrivals,
estimation noise, context switch costs, and ablation
against EDF, SRPT, and MLFQ.

6. Statistical analysis using nonparametric tests and
effect sizes to quantify gains beyond variance noise.

LITERATURE REVIEW

Deadline-centric policies. EDF and least-laxity-first (LLF)
are canonical. EDF prioritizes the job with the earliest
absolute deadline; LLF uses laxity d—t—rd - t - r. Both assume
accurate runtimes and preemption with negligible overhead.
In multiprocessors and under estimation noise, optimality no
longer holds; variants add slack reclamation, admission
control, and reclaimable bandwidth.

Size-based scheduling. SRPT minimizes mean response
time given exact sizes, but inaccurate estimates or deadlines
complicate matters. Practical variants use predicted sizes and
guard against starvation via aging or hybridization (e.g.,
SRPT within priority classes).

Feedback and fairness. MLFQ approximates SRTF using
time quanta and demotion after quanta expirations, providing
practical fairness but lacking SLA awareness. Fair-sharing

(e.g., weighted fair queuing) distributes capacity by shares;
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hybrid designs often layer fairness on top of deadline
mechanisms.

Learning-augmented scheduling. Predictors of job service
time, either statistical (EWMA) or ML-based, can enable
SJF/SRPT-like behavior without exact knowledge. The
challenge is stabilizing performance under mispredictions.
Admission control & overload handling. Admission
control and request shaping are standard in web services and
soft real-time systems, often using predicted tardiness or
queueing delay bounds. By declining low-value jobs likely to
miss deadlines, the system improves overall SLA attainment.
Our work synthesizes these strands: it couples laxity-aware
priority, SRPT tie-breaking, aging, and admission control into
a single, deployable policy tuned for noisy, high-load
environments.

METHODOLOGY

3.1 System Model and Objectives

e Servers: mm identical servers (e.g., CPU cores).
Preemptive-resume with context switch cost cc.

e Jobs: Each job JiJ i arrives at time aia i, with
predicted processing time p”i\hat{p} i (updated
online), remaining time r*i\hat{r} i, deadline did i
(hard or soft), and optional weight wiw_1i.

e Objectives: (1) Minimize deadline-miss rate
(DMR) and mean tardiness; (2) Minimize mean
slowdown and tail response time; (3) Maintain
fairness; (4) Keep utilization high.

3.2 Priority Function and Bands
We define relative laxity Li=di—t—r"L _i=d i-t-\hat{r} i.
We maintain three bands:

1. Urgent band (U): Li<tUL_i \le \tau_U (tight or
negative slack).

2. On-Track band (O): tU<Li<tO\tau U < L i \le
\tau O.

3. Background band (B): Li>tOL i > \tau O or jobs
without deadlines.

Within each band, jobs are ordered by SRPT tie-break
(ascending r*i\hat{r} i). Between bands, priority is U > O >
B.

Aging: Each job’s effective remaining time is adjusted by a

small, decaying credit that grows with waiting time wiw_1i:

™ eff=maxi/o(e,ri—a-f(wi)),\hat {r} i*{\\text{eff}} =
\max(\epsilon, \hat{r} i-\alpha \cdot f(w 1)),
where ff is a concave function (e.g., f(w)=1—e—w/6f(w)=1-
e’{-w/\theta}). This improves fairness without destabilizing
deadlines.
3.3 Laxity-Aware Admission Control
On arrival, we estimate whether JiJ i can meet its deadline
given current band loads. If predicted tardiness exceeds a
threshold (e.g., P[Ti>0]>yP[T i>0] > \gamma), we (i)
downgrade to soft deadline (move to O or B), or (ii) defer
by back-pressure signaling, or (iii) reject if application policy
allows. This avoids thrashing during overload.
3.4 Online Runtime Prediction
We maintain an EWMA for service rate per job class (or per
user/tenant, if available):
pli—B-piprior+(1—f)-observed increment.\hat{p} i
\leftarrow \beta \cdot \hat{p} i*{\text{prior}} + (I-
\beta)\cdot \text{observed\ increment}.
On preemption, we update r*i\hat{r} i. Misestimation is
handled by band reclassification at each scheduling decision.
3.5 Complexity and Data Structures
Each band is a binary heap keyed by
(band,ri eff)(\text{band}, \hat{r} i"{\\text{eff}}).
Admissions and preemptions incur O(logi/0in)O(\log n). Band
moves are O(logi/on)O(\log n). Context switch cost cc is
modeled explicitly to avoid excessive thrashing.
3.6 Pseudocode (core loop)
while system_running:
for each arriving job J:

estimate p_hat(J); set r_hat(J) = p_hat(J)

compute laxity L=d -t-r_hat

band = classify(L)

if admission_control rejects(J): continue

insert J into heap[band] keyed by r_hat_eff

for each free server s:
select band in [U, O, B] with nonempty heap
if none: idle s; continue
J* =pop_min(heap[band])
if J* preempts running job K:

account context_switch(c)
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update r_hat(K); reclassify K; push K

run J* for quantum or until completion/preemption

periodically (A):
for each waiting job J: increase aging credit
recompute bands for all J based on updated laxity

STATISTICAL ANALYSIS

4.1 Hypotheses
e HO: There is no difference in deadline-miss rate
between HSA-DAJQ and baselines (EDF, SRPT,
MLFQ) under high load.
e HI1: HSA-DAJQ has a lower deadline-miss rate.
4.2 Tests and Measures
Because metric distributions are non-normal (heavy tails), we
use Kruskal-Wallis for multi-algorithm comparison and
pairwise Wilcoxon rank-sum with Holm correction. We
report Cliff’s delta for effect size. All experiments run with
30 independent seeds; we summarize means + SD.
4.3 Summary Table (High Load, p = 0.85)
(Synthetic workload from §5; n=30 seeds per policy.)

Policy | Deadl | Mean | Mean | Throug | Energy
ine- Tardi | Slowd hput /Job
Miss ness | own | | (jobs/s) 0l
Rate ON i
(%) |
MLFQ | 247+ | 3.62+ | 241+ | 1183+ | 1.00+
3.8 0.71 0.28 4.2 0.06
SRPT | 189+ | 295+ | 1.62+ | 121.7+ | 097+
3.1 0.64 0.19 39 0.05
EDF | 158+ | 241+ | 1.98+ | 120.5+ | 0.98+
2.6 0.58 0.22 4.0 0.05
HSA- | 98+ | 1.72+ | 1.39+ | 131.0+x | 092+
DAJQ 2.1 0.49 0.16 3.6 0.04
(propo
sed)

Notes: HSA-DAJQ outperforms all baselines on deadline
metrics and throughput. SRPT still has the lowest mean
slowdown in some loads, but HSA-DAJQ closes the gap
while preserving deadlines. Kruskal-Wallis p<0.001p <
0.001; pairwise Wilcoxon vs. EDF p<0.01p < 0.01, Cliff’s §
~ (.62 (large).

SIMULATION RESEARCH
5.1 Workload and Environment

e Servers: m=16m=16 identical cores; time quantum
q=10g=10 ms; context switch cost c=0.2¢=0.2 ms.

e Arrivals: Nonhomogeneous Poisson with diurnal
bursts; mean load varied in p€{0.5,0.7,0.85}\rho \in
\{0.5, 0.7, 0.85\}.

e Job sizes: Mixture of lognormal (short jobs, median
150 ms) and Pareto (shape 1.2, minimum 300 ms) to
emulate heavy tails.

o Deadlines: For a fraction fd€{0.4,0.7}f d\in\{0.4,
0.7\}, deadlines sampled as d=a+k-pd = a + k\cdot p
with  ke€{1.5,2.5,4.0}k\in\{1.5, 2.5, 4.0\}
(tight/moderate/loose).

e Estimation noise: Observed processing rates
perturbed by lognormal noise with CV € [0.3, 0.5];
EWMA smoothing factor f=0.7\beta=0.7.

e Policies compared: MLFQ (3 levels), SRPT
(predicted sizes), EDF, and HSA-DAJQ. All are
preemptive; background fairness enforced via aging
(for HSA-DAJQ) and quanta (for MLFQ).

5.2 Implementation Details

A discrete-event simulator executes arrivals, completions,
preemptions, and band reclassifications. Each run lasts
simulated 4 hours with 10-minute warm-up; metrics collected
post-warm-up. Random seeds ensure independence. We
record: DMR, mean tardiness, mean/95th percentile response
time, slowdown, throughput, and per-job energy (proxy via
active/idle power windowing).

5.3 Ablations

e No aging: Increases tail slowdown and starvation
for large background jobs, with little gain in DMR—
justifies aging.

e No admission control: Degrades DMR by ~1.8x at
p=0.85\rh0=0.85 due to futile thrashing—admission
is critical under overload.

e Perfect estimates: All policies improve; HSA-
DAJQ still leads on DMR and matches SRPT on
slowdown.

5.4 Sensitivity
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e Estimation error (CV up to 0.5): HSA-DAJQ’s
banding absorbs misprediction by demoting risky
jobs before deadlines become infeasible; SRPT and
EDF degrade more sharply.

e Context switch cost: With cc up to 0.5 ms, HSA-
DAJQ’s preemption rate remains moderate due to
band hysteresis; MLFQ suffers from frequent quanta
expirations.

e Deadline tightness: Benefits of HSA-DAJQ grow
with tighter deadlines (k=1.5-2.5), where pure
SRPT violates SLAs and EDF over-preempts.

RESULTS AND DISCUSSION

6.1 Deadline Metrics

At p=0.85\rho\approx 0.85, HSA-DAJQ reduces deadline-
miss rate by ~38% vs. EDF and ~60% vs. MLFQ (Table
§4.3). Mean tardiness is similarly improved. The key driver
is relative-laxity tracking: jobs at risk are pulled into the
Urgent band early enough to complete without last-second
thrashing. In contrast, EDF’s lack of size awareness can waste
cycles on long jobs with slim feasibility, while SRPT ignores
deadlines.

6.2 Efficiency and Slowdown

SRPT minimizes mean slowdown when sizes are well-
predicted. HSA-DAJQ’s SRPT tie-break within bands
recovers much of that benefit while respecting deadlines,
yielding 18-28% slowdown improvements over EDF/MLFQ
and approaching SRPT. Throughput gains (= 8-12% over
EDF/MLFQ) stem from fewer futile executions of infeasible
urgent jobs, plus improved cache locality from fewer context
switches (band hysteresis).

6.3 Fairness and Starvation

Aging reduces starvation of large or background jobs.
Measured Jain’s fairness index rises by 5—8% compared to
SRPT. The cost—slightly higher mean response for tiny
background jobs—is acceptable given SLA priorities.

6.4 Robustness to Noise

Because the scheduler reclassifies jobs as their r™“\hat{r}
updates, mispredicted jobs migrate between bands
automatically. This limits the harm of early misclassification

and explains the strong performance at CV=0.5. Policies

without banding (pure EDF/SRPT) lack this corrective
mechanism.

6.5 Overheads

Heap operations and reclassification are O(log{/0n)O(\log n),
trivial at typical queue sizes. Preemption overhead is
contained by hysteresis (no flapping on tiny laxity changes)
and minimum quantum bounds. In our runs, HSA-DAJQ
incurred 10-15% fewer context switches than MLFQ at
p=0.85\rh0=0.85.

CONCLUSION

This paper introduced HSA-DAJQ, a practical hybrid
scheduler for deadline-aware job queues. By integrating
laxity-aware urgency (from EDF), size-aware efficiency
(from SRPT), aging-based fairness, and laxity-aware
admission control, HSA-DAJQ consistently improves
deadline satisfaction and overall efficiency under realistic,
noisy conditions. In simulation with heavy-tailed workloads
and moderate to high utilization, HSA-DAJQ reduced
deadline-miss rates by 35—-60% versus EDF and MLFQ and
improved mean slowdown and throughput without
unacceptable fairness costs. The algorithm is lightweight
(O(logi/oin)O(\log  n)), tunable via two interpretable
parameters (aging half-life and band thresholds), and robust
to runtime estimation errors.

Limitations include the assumption of identical servers and
single-resource contention; performance may vary with
strong heterogeneity, multi-resource demands (CPU,
memory, 1/0), and network bottlenecks. Our admission
control uses simple tardiness prediction; more sophisticated
models could further improve overload behavior.

Future work will extend HSA-DAJQ to: (1) heterogeneous
clusters with per-node speed factors; (2) multi-resource
packing via dominant-resource fairness augmented with
laxity; (3) reinforcement-learning controllers to auto-tune
thresholds; and (4) distributed queueing with power-of-two
choices plus band-aware stealing to reduce head-of-line
blocking at scale.
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