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Motivation

Energy is the new bottleneck

Data center electricitymore

than doubles: about 415TWh in

2024 to 945TWh in 2030 [1].

Broken down by equipment, the

servers layer, driven by AI, grows

faster than cooling and network.

One top machine is already huge:

LineShine (#1 supercomputer)

draws about 42MW, the power of

a small town [2].

Accelerated servers Conventional servers

Other IT equipment Cooling Other infrastructure

Data center electricity (TWh/yr) by equipment, 2020–2030

(IEA Base Case) [3].
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Motivation

The cost is not only energy

Carbon: CO2 from data center electricity grows from about 180Mt in 2024

toward about 300Mt by 2035 [1].

Money: this power is costly, data center demand already pushes up

electricity bills, about $23bn added in the US alone (PJM, through 2028) [4].

Grid: in Europe the strain is already here, data centers use about 23% of

Ireland’s electricity, and Amsterdam froze new data centers until 2030 for

lack of grid capacity [5, 6].

Using less power means less CO2, less money, and less strain on the grid:

so we can limit the power of each machine.
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Motivation

Power capping: an operational lever

Power capping dynamically restricts the maximum power the hardware may

draw, to stay within a system-wide limit [7, 8].

Goals: reduce energy, control heat, and protect the hardware, without losing

too much speed.

How: several levers work together, DVFS (scale voltage and frequency) and

hardware caps.

This work: we focus on Intel CPUs, where the hardware cap is the RAPL

interface (Running Average Power Limit).
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How RAPL & Turbo Boost work

RAPL architecture and power domains

History: proposed by David et al. (2010)

[9], first shipped with Sandy Bridge

(2011) [10]; on Intel servers ever since.

RAPL splits the CPU into power domains

(Package, cores, DRAM, ...), accessed via

MSRs in watts and joules.

The package exposes twomain limits,
each with a time window on the order of
ms to seconds:

PL1 : long-term, window 𝜏𝐿𝑇.
PL2 : short-term, window 𝜏𝑆𝑇.

Four knobs govern the capping behaviour: PL1, PL2, 𝜏𝐿𝑇, 𝜏𝑆𝑇.
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How RAPL & Turbo Boost work

What is Turbo Boost?

Definition (Intel): Turbo Boost lets the CPU cores run faster than their rated

frequency, as long as they stay within power and temperature limits [11].

Why: it speeds up bursty or latency-sensitive work when there is power

headroom.

Mechanism: under load, the package power rises up to PL2 (the short-term

limit); the CPU cannot hold PL2 forever.
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How RAPL & Turbo Boost work

How RAPL governs Turbo Boost

Boost duration is set by an EWMA ∗

of measured power, tuned by a

Turbo Time Parameter 𝜏.
The CPU throttles back once the

average reaches PL1.

We do not know 𝜏: Intel does not
expose it directly.

∗ Exponentially Weighted Moving Average,

documented by Intel [12].

RAPL enforces the two limits reliably,

but 𝜏, and the boost duration, are

not trivially known.

Power held at PL2 until the average hits PL1, after 𝑡max;

larger 𝜏 ⇒ longer boost.
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How RAPL & Turbo Boost work

The problem

Setting a limit is easy, choosing it is not: there are four knobs, and nothing

tells you what each one does.

You cannot say when the server will slow down, nor whether the cap saved

energy. Sometimes it costsmore.
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Related work

Related work

Foundations: RAPL and the on-chip Power Control Unit were introduced by

David and Rotem et al. [9, 10].

Effectiveness: hardware capping reacts faster than software [13], but its

gains stay workload-dependent [14].

HPC trade-offs: energy–performance has been studied [15, 16], along with

relaxing caps [17] and modeling scientific progress [18].

Scaling & trust: RAPL enforces data center power limits [19], and its

counters were validated against wattmeters [20].

The gap

None of this says how long a server stays fast under a cap, and the energy

studies were run on older chips.
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Problem & contributions

Three questions we answer

We break the problem into three concrete questions:

Q1 What is the impact of each parameter on the turbo duration?

Four knobs: PL1, PL2, 𝜏𝐿𝑇, 𝜏𝑆𝑇. Maybe some can be ignored.

Q2 Can we predict the turbo duration?

Ideally with a formula, before running anything.

Q3 Does capping actually save energy?

Or can it backfire and use more?
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Problem & contributions

Contributions

Three contributions, one per question, all validated on real Intel servers across

severalmicroarchitectures:

A1 Sensitivity analysis of the four knobs (PL1, PL2, 𝜏𝐿𝑇, 𝜏𝑆𝑇): the turbo duration

is set by PL1, PL2 and 𝜏𝐿𝑇; the short-term window 𝜏𝑆𝑇 has no measurable

effect, which lets us deduce the Turbo Time Parameter 𝜏. (answers Q1)

A2 Closed-form formula, from the EWMA logic, that predicts the turbo boost

duration. (answers Q2)

A3 Energy-efficiency study: below 50% of TDP (Thermal Design Power),

capping raises total energy. (answers Q3)
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An analytical model of turbo duration

From a discrete rule to a closed-form law
1. Turbo boost recursive EWMA update:

EWMA𝑡 = EWMA𝑡−Δ𝑡 + Δ𝑡
𝜏 (𝑃𝑡 − EWMA𝑡−Δ𝑡)

2. Rearranging:

EWMA𝑡 − EWMA𝑡−Δ𝑡
Δ𝑡

= 1
𝜏

(𝑃𝑡 − EWMA𝑡−Δ𝑡)
3. Limit Δ𝑡 → 0: a first-order ODE (𝑦 = EWMA):

𝜏 𝑑𝑦
𝑑𝑡

+ 𝑦 = 𝑃(𝑡)
4. Solve for a constant load 𝑃(𝑡) = PL2 from initial power 𝑃𝑖𝑛𝑖𝑡:

𝑦(𝑡) = PL2+ (𝑃𝑖𝑛𝑖𝑡 − PL2) 𝑒−𝑡/𝜏

5. Throttle at 𝑦(𝑡max) = PL1:

𝑡max = 𝜏 ⋅ ln(PL2− 𝑃𝑖𝑛𝑖𝑡
PL2− PL1

)
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Experiments & findings

Experimental setup

Testbed: SLICES-FR [21]; five Xeon nodes, Skylake-SP → Sapphire Rapids.

Measure: we read the RAPL registers every 20ms; 3-min idle between runs.

Loads: stress-ng: matrixprod and fft.

Node Microarchitecture (Year) Sockets PL1/PL2 (W) Max PL1 (W)

Dahu Skylake-SP (2017) 2 70 / 140 125

Roazhon1 Skylake-SP (2018) 2 150 / 250 200

Gros Cascade Lake-SP (2019) 1 70 / 140 125

Paradoxe Ice Lake-SP (2023) 2 100 / 150 185

Kinovis Sapphire Rapids (2024) 2 125 / 190 225

Max PL1 = the node’s TDP (Thermal Design Power): the sustained power the cooling is designed to dissipate.

Three phases: sensitivity · 𝑡max validation · energy trade-offs.
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Experiments & findings

Phase 1 — Which knobs matter?
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𝜏𝑆𝑇 (500ms–5 s): no effect.
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𝜏𝐿𝑇 (5 s→8 s): turbo extends.

Key idea

𝜏𝐿𝑇 sets how long the turbo lasts; the short-term window 𝜏𝑆𝑇 is negligible.
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Experiments & findings

Phase 1 — The power limits
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PL1 ↑: longer turbo (5.3 s→7.8 s).
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PL2 ↑: higher peak, shorter turbo.

Synthesis

Turbo duration depends on PL1, PL2, 𝜏𝐿𝑇 only ⇒ map 𝜏 = 𝜏𝐿𝑇.
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Experiments & findings

Phase 2 — Validation on real server
Protocol

Sweep 𝜏: 250ms → 28 s, ×5.
Predict 𝑡max for two 𝑃𝑖𝑛𝑖𝑡:

Cold-start (𝑃𝑖𝑛𝑖𝑡 = 0):
̃𝑡max = 𝜏 ln( PL2

PL2−PL1)

Idle (𝑃𝑖𝑛𝑖𝑡 = 𝑃𝑖𝑑𝑙𝑒):

̃𝑡 𝑖𝑑𝑙𝑒
max = 𝜏 ln(PL2−𝑃𝑖𝑑𝑙𝑒

PL2−PL1 )

In the plot, 𝑡 realmax is themeasured value.
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Gros (Cascade Lake-SP): predicted vs measured 𝑡max, 𝑅2 ≈ 1.

Finding. Predicted 𝑡max matches the measurement (𝑅2 ≈ 1). The cold-start

formula (𝑃𝑖𝑛𝑖𝑡 = 0) predicts best on modern chips (Cascade Lake → Sapphire

Rapids); only the oldest, Skylake-SP (Dahu), prefers the idle formula.
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Experiments & findings

Phase 3 — Does capping save energy?

Protocol

Turbo off: both limits pinned to the same cap, PL1 = PL2 = 𝑃𝑐𝑎𝑝(𝛼) = 𝛼 ⋅ TDP.
𝛼 = cap level = the share of the TDP left to the package; swept 100% → 30%.

TDP (Thermal Design Power) = the sustained power the cooling is designed to

dissipate.

Fixed work: 400k ops, the same job at every cap.

Two metrics, both relative to the uncapped run (100%):

Slowdown = 𝑇 (𝛼)
𝑇 (100%)

, Energy ratio = 𝐸(𝛼)
𝐸(100%)

For both, lower is better; a ratio > 1 means worse than uncapped.
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Experiments & findings

Phase 3 — Four observations

1 Newer is better for moderate caps

(50–100%).

2 Efficiency collapses below 50% TDP:

energy ratio > 1 (capping costs more

total energy).

3 Workload matters: matrixprod slows

down more than fft.
4 Roazhon1, same Skylake-SP

codename as Dahu, delivers the best

energy savings of the panel.
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Dahu (worst case): below 50% TDP, slowdown

outweighs the power cut, energy ratio > 1.
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Takeaways

Takeaways

Three answers to the RAPL black box

1 Sensitivity: turbo is driven by the long-term window (𝜏𝐿𝑇) and the two limits;

the short-term window (𝜏𝑆𝑇) is negligible.

2 Model: a closed-form 𝑡max predicts the window with 𝑅2 ≈ 1 on four

microarchitectures: 𝑡max = 𝜏𝐿𝑇 ln( PL2

PL2− PL1
).

3 Energy: capping below 50% of TDP systematically destroys efficiency.

Future work

Extend to other workloads, toward automatic server profiling.

Distributed RAPL-based capping across servers under a global power limit.
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Thank you

Understanding Power Limiting Mechanisms in Modern Processors

Romial Menra · wedwang-romial.menra@inria.fr

menraromial.com

Three things to remember

Know which knobs matter, predict the turbo window (𝑡max = 𝜏𝐿𝑇 ln
PL2

PL2−PL1), and,

if energy is what matters, never cap below 50% of the TDP.

https://menraromial.com/
https://menraromial.com/


Phase 1: the short-term window 𝜏𝑆𝑇 has no effect
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Across the whole 𝜏𝑆𝑇 sweep the turbo duration is unchanged (the main slide shows
𝜏𝑆𝑇 = 1 s).
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Phase 2: all microarchitectures, 𝑅2 ≈ 1
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Phase 3: slowdown and energy ratio (1/2)
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Slowdown and Energy ratio vs the cap (lower is better).
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Phase 3: slowdown and energy ratio (2/2)
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Efficiency collapses below 50% of TDP.
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Package power tracks the whole machine’s power

Package, DRAM and wall power vs frequency

Package vs wall power over time (two frequencies)

The CPU package power (RAPL) closely tracks the full-machine wall-socket power, so
capping the CPU shapes the whole machine’s draw [22].
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From the recurrence to the exact factor 𝛼
Start from the recursive filter, 𝑦[𝑛] = (1 − 𝛼) 𝑦[𝑛 − 1] + 𝛼 𝑃 [𝑛], with 𝑦 ≡ EWMA.

1. Free regime (load stops, 𝑃 = 0): a geometric sequence,

𝑦[𝑛] = (1 − 𝛼) 𝑦[𝑛 − 1] ⟹ 𝑦[𝑛] = 𝑦[0] (1 − 𝛼)𝑛

2. Back to physical time (𝑡 = 𝑛 Δ𝑡, i.e. 𝑛 = 𝑡/Δ𝑡):

𝑦(𝑡) = 𝑦[0] (1 − 𝛼)𝑡/Δ𝑡 = 𝑦[0] [(1 − 𝛼)1/Δ𝑡]𝑡

3. Physical decay has a time constant 𝜏:

𝑦(𝑡) = 𝑦[0] 𝑒−𝑡/𝜏 = 𝑦[0] [𝑒−1/𝜏]𝑡

4. Identify the bases:

(1 − 𝛼)1/Δ𝑡 = 𝑒−1/𝜏 ⟹ 𝛼 = 1 − 𝑒−Δ𝑡/𝜏 ≈ Δ𝑡
𝜏 (Δ𝑡 ≪ 𝜏)
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From the recurrence to the differential equation

Same recurrence, now keep the power 𝑃:
1. Error-correction form:

𝑦[𝑛] − 𝑦[𝑛 − 1] = 𝛼 (𝑃 [𝑛] − 𝑦[𝑛 − 1])

2. Divide by the step Δ𝑡:
𝑦[𝑛] − 𝑦[𝑛 − 1]

Δ𝑡
= 𝛼

Δ𝑡
(𝑃 [𝑛] − 𝑦[𝑛 − 1])

3. Let Δ𝑡 → 0: the left side becomes 𝑑𝑦/𝑑𝑡, and 𝛼/Δ𝑡 → 1/𝜏 (since 𝛼 ≈ Δ𝑡/𝜏):
𝑑𝑦
𝑑𝑡

= 1
𝜏

(𝑃(𝑡) − 𝑦)

4. First-order ODE:

𝜏 𝑑𝑦
𝑑𝑡

+ 𝑦 = 𝑃(𝑡)
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