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METHODS FOR IMPROVING THE ENERGY EFFICIENCY OF SMALL LANGUAGE
MODELS FOR AUTONOMOUS ROBOTICS

A. S. Andreiev, S. V. Sotnik
Kharkiv National University of Radio Electronics
Ukraine, 61166, Kharkiv, Nauky av., 14
E-mail: anton.andreiev@nure.ua

Abstract: This work investigates methods for increasing the energy efficiency of small language
models in autonomous mobile robotics applications. A comparative analysis of the relationship
between the computational complexity of models, energy consumption, and autonomous operation
time of mobile robots is conducted. Quantization, pruning, and knowledge distillation methods are
considered as key approaches to reducing the computational load. Recommendations are given for
choosing the optimal model compression strategy depending on the requirements of a specific
robotics task and hardware platform.

Keywords: energy efficiency, small language models, mobile robotics, neural network
compression methods, battery life.

AHAJII3 MOKJHUBUX KIBEP3ATPO3 MEPEKEBOI BE3IIEKH

A. C. Auapees, C. B. CoTHuk
XapKiBCbKUI HallIOHATBHUN YHIBEPCUTET Pai0eNEeKTPOHIKI
VYxpaina, 61166, Xapkis, np. Hayku 14
E-mail: anton.andreiev@nure.ua

Anomauin: s poboTa AOCHIIKYE METOAM MiABHILEHHS €HEProeeKTUBHOCTI MaJIMX MOBHHX
MoJieJIel y 3aCTOCYBaHHAX aBTOHOMHOT MOOUIBHOI poOoToTexHikH. [IpoBeieHO MOpIBHANBHUI aHai3
B3a€MO3B'SI3KYy MDK OOYHCIIOBAIBHOIO CKIQJHICTIO MOJENel, EHEProCHOKUBAaHHAM Ta YacoM
aBTOHOMHOI po0OTH MOOLIBHHUX poOOTIB. PO3rnsaaroTbcs METOAM KBaHTYBaHHs, OOpi3aHHS Ta
IUCTUAALIT 3HAHD SIK KJIIOYOBI MIAXOAW 0 3MEHIIEHHS OOYMCIIOBAJILHOIO HaBaHTakeHHs. Hamaxi
pekoMeHalli 1040 BUOOPY ONTHMAlbHOI CTpaTerii CTUCHEHHS MoJeNiel 3aJIeKHO BiJ BHMOT
KOHKPETHOI'O 3aB/IaHHs POOOTOTEXHIKH Ta anapaTHOI MIaThopMHu.

Knwouoei cnosa: eneproeeKTUBHICTb, Maji MOBHI MOjeli, MOOiIbHAa pOOOTOTEXHIKA, METOIU
CTHCHEHHS HeHpOMepeK, 4ac aBTOHOMHOI pOOOTH.

RELEVANCE OF THE WORK. The rapid development of robotics and its integration into
various areas of human activity have been reflected in previous studies [1-10]. Automation of
technological processes is an integral part of modern industrial production and the development of
cyber-physical systems [11-16]. The integration of large language models (LLMs) into mobile
robotic systems opens up new possibilities for natural language control, mission planning, and
human-robot interaction. However, the direct use of LLM on onboard computing platforms with
limited energy resources is impossible due to excessive memory and computing power requirements.
For example, a model with 7 billion parameters in FP32 format requires about 28 GB of RAM, which
is critically incompatible with typical embedded platforms (NVIDIA Jetson, Raspberry Pi, etc.).

Small language models (SLMs), containing between 100 million and 3 billion parameters, are a
promising compromise between functionality and resource intensity. However, even for SLMs, the
issue of minimizing energy consumption remains relevant, as it directly determines the robot's battery
life. Research into the relationship between the computational complexity of a model (number of
parameters, number of floating point operations — FLOP), energy consumption, and battery life is a
relevant scientific and applied problem.
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The purpose of this work is to analyze and compare methods for improving the energy efficiency
of SLM for autonomous mobile robots. To achieve this goal, the following tasks have been defined:
review of the main methods of neural network compression; analysis of their impact on
computational complexity and energy consumption; comparative assessment of the relationship
between model characteristics and the autonomous operation time of mobile platforms.

MATERIALS AND RESEARCH RESULTS. The computational complexity of language models
is determined by the number of parameters and multiply-accumulate (MAC) operations. For
transformer architectures, the computational complexity of a forward pass scales as O(n? - d), where n
is the context length and d is the dimension of the hidden layer. This quadratic dependence makes
reducing the model size critical for deployment on onboard platforms.

Quantization is a method of reducing the bit depth of weights and model activations. The
transition from FP32 to INT8 reduces memory usage by a factor of 4 and increases performance on
hardware accelerators that support integer arithmetic. Quantization to INT4 allows for 8x
compression, but may be accompanied by accuracy degradation for complex planning tasks. GPTQ
and AWQ methods demonstrate acceptable quality even with 4-bit quantization due to layer-level
error compensation.

Pruning (thinning) involves removing insignificant weights or entire neurons/attention heads.
Structural pruning, which removes entire channels or layers, allows for real acceleration on standard
hardware without special sparse matrix multiplication libraries. Removing 30 — 50 % of attention
heads in transformer models is usually accompanied by a loss of quality of no more than 5 % while
reducing energy consumption by 20 — 35 %.

Knowledge distillation is an approach in which a small «student» model learns to reproduce the
behavior of a large «teacher» model. This allows a compact model to approach the quality of much
larger counterparts. For example, the Phi-2 model (2,7B parameters), trained using knowledge
distillation, demonstrates results comparable to LLaMA-2 13B on a number of benchmarks, with
almost five times less energy consumption.

Table 1 presents a comparative analysis of the relationship between model compression
characteristics, their computational complexity, and practical impact on the autonomous operation
time of a mobile robot using a typical 100 Wh onboard battery and an NVIDIA Jetson Orin NX
16GB computing platform.

Table 1 — Comparison of SLM energy efficiency improvement methods and their impact on the
autonomy of mobile robots

Method / Quantization Quantization Structural Distillation of

characteristic (INT8) (INT4) pruning (40%) knowledge
Memory x4 x8 x1,5-2 x4 —10
compression
Reduction in x2 —4 x4 -8 x15-25 x4 — 12
FLOP count
Average  energy 8-12 5-8 10-15 4-10
consumption (W)
Battery life (hours) 8—-12 12 - 20 610 10-25
Quality degradatig
(relative) 1-3% 3-8% 3-7% <3 %
The need for Minimal Partial Significant Significant
retraining
Hardware support Wide Limited Wide Wide
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Comparison of SLM energy efficiency methods and their impact on mobile robot autonomy in Fig.
1. Figure 1 shows that power consumption (W) is a stronger predictor of battery life than memory
compression ratio alone: structural pruning achieves only x1,5 — 2 memory reduction yet draws up to
15 W, resulting in the shortest runtime among all methods. Conversely, knowledge distillation
combines the widest compression range (x4 — 10) with the lowest power floor (4 W), pushing the
upper autonomy bound to 25 h.

Quantization Quantization Structural Knowledge
INTS INT4 Pruning 40% Distillation
8-bit integer 4-bit integer attention heads student—teacher
Memory compression Memory compression Memory compression Memory compression
| x4 | I x8 | x1.5-2 | I *4-10
FLOP reduction FLOP redhction FLOP reduction FLOP redhction
I 24 | x4-8 | - x1.5-2.5 | I x4-12
Power (W) Power (W) Power (W) Power (W)
I S-12W | — S-8W | 10-15W | - 4-10W
Quality loss Quality loss Quality loss Quality loss
. 1-3% | 3-8% | 3-7% | M <3%
Battery life Battery life Battery life Battery life
8121 1220w 6101 10251

AUTONOMOUS OPERATION TIME COMPARISON (100 WH BATTERY)

Quantization INT8 812h ~10 h
Quantization INT4 ~16 h
Structural Pruning 40% 6-10h ~8h
Knowledge Distillation 10-25h ~25h
INT8 — Balanced choice INT4 — Maximum autonomy Distillation — Best balance
Wide hardware support. Quality loss 1—-3%. Up to 20 h runtime. Suitable for tasks with lower Up to 25 h + quality <3% loss. Requires significant
Recommended for real-time navigation tasks. accuracy requirements. training resources.

Figure 1. Comparison of SLM energy efficiency methods and their impact on mobile robot autonomy

The gap between INT4 quantization and distillation — both achieving comparable memory
footprints — is therefore explained primarily by differences in residual computational overhead rather
than model size.

The choice of compression strategy should be guided by the specific requirements of the robotic
task and the available hardware platform. For systems deployed on platforms with broad INT8
accelerator support — such as NVIDIA Jetson Orin — where real-time responsiveness is critical, INT8
guantization represents the most practical entry point due to its minimal retraining overhead and
negligible accuracy penalty. When the mission profile prioritizes extended autonomous operation
over precision, such as long-range patrol or environmental monitoring, INT4 quantization is
preferable provided the target hardware supports low-bit inference. Structural pruning is most
appropriate when memory bandwidth rather than compute is the primary bottleneck, or when the
deployment environment constrains model storage but not inference latency. Knowledge distillation
is recommended for production deployments where both energy efficiency and task quality are non-
negotiable, and where sufficient computational infrastructure exists offline for the training phase; this
strategy is particularly well-suited for multi-mission platforms that must operate across diverse task
complexities without model switching.
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CONCLUSIONS. The work analyzes the main methods of improving the energy efficiency of
small language models for autonomous robotics: quantization, structural pruning, and knowledge
distillation. A clear correlation has been established between the computational complexity of the
model (number of parameters, FLOP) and the autonomous operation time of mobile robots: a 4 — 8-
fold reduction in the number of operations leads to a 1,5 — 2,5-fold increase in autonomy time,
depending on the hardware platform. Quantization to INT8 is the most balanced approach with broad
hardware support and minimal quality degradation (1 — 3 %), making it suitable for most practical
real-time navigation and planning tasks. Quantization to INT4 is appropriate for tasks with lower
accuracy requirements, where maximum autonomy is a priority. Knowledge distillation provides the
best balance between quality and energy efficiency, but requires significant computational resources
during the training phase. A promising direction for further research is the development of adaptive
output strategies that dynamically regulate the accuracy of calculations depending on the current
battery charge level and the complexity of the input request, which will allow optimal use of the
mobile robot's energy resources in real-world missions.
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