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Abstract

The tremendous increase in the complexity (mem-
ory and computations) of graphics models have been
supported by a similar increase in the computa-
tional resources available in graphics processing
units (GPUs). The inherently high parallelism of
such systems has led to a significant increase in
power dissipation, thereby necessitating expensive
cooling solutions. In addition, general purpose pro-
cessing on such specialized architectures poses new
problems yet opens avenues for power optimizations
at the architectural level. In this paper, we present a
modular architectural power estimation framework
that will help GPU designers with early power effi-
ciency exploration. The framework employs a com-
bination of analytical and empirical basic blocks for
power estimation. In addition, we associate an area
model to the different units within a GPU to esti-
mate power across the interconnects. We explore
two cases of optimizations to demonstrate the util-
ity of the framework. The results show that simple
bus encoding reduces the power of a medium/high
activity texture cache global bus interconnect by 15-
30% while exploring the trade-offs between power
savings, data activity, and interconnect length. We
also showcase the power benefits (around 13%) of
optimally sizing repeaters and spacing between them
on the same global bus.

Keywords: GPU Power Modeling, Architectural
Exploration, Power optimization, Encoding.

1 Introduction

In recent years, there has been a tremendous in-
crease in the memory and computational require-
ments of graphics models (e.g. polygon rendered
models, etc). Advances in process technologies and
the availability of abundant transistor budgets have

facilitated a similar growth in the number and func-
tionality of resources available on a Graphics Pro-
cessing Unit (GPU). With the emergence of commer-
cial avenues such as stream computing and GPGPU,
the evolution in graphics hardware is likely to keep
up with the pace of the application requirements.

The increase in the sheer complexity and per-
formance of GPUs across generations also incurs a
commensurate increase in the power dissipation of
such systems and necessitates expensive cooling so-
lutions. In addition, the relative lack of understand-
ing of the power impact of executing new applica-
tions exacerbates the problem. This provides new
opportunities for researchers to employ power mod-
eling and evaluate optimizations at different levels
of design. In this study, we explore an early stage
power estimation framework that employs a modu-
lar design for architectural and circuit based power
optimizations and complements the low level design
tools.

Early stage power estimation for CPUs has been
a popular research area in the academic community.
Wattch [6], a power simulator employs parameteri-
zable analytical models of units like memory struc-
tures, clock tree network, and execution units, etc. to
estimate dynamic power dissipation in a CPU. Other
models (SimplePower [12], TEM2P2EST [7]) em-
ploy empirical models based on known circuit imple-
mentations for better accuracy. These models trade-
off ease and speed of simulation for estimation accu-
racy and/or scalability across process technologies.
In addition, these models do not accurately model
power dissipation for wires and interconnects. Given
the unique design issues in GPUs, the market need
for extremely tight design schedules, and the lack
of accurate but flexible power models, our ongoing
study attempts to address the above issues.



In the first part of the paper (Section 2), we present
a unified architectural power estimation framework
that employs the combination of two different mod-
els. We employ analytical models for regular
and predictable structures like memory, FIFOs, etc.
Power dissipation for complicated structures like ex-
ecution units, control logic, etc., depend greatly on
the implementation and hence, we employ empirical
models based on low level RTL based power models.
Interconnect power dissipation contributes to a sig-
nificant fraction of total chip power [10] and hence,
we employ an area cost to build models for intercon-
nects based on the methodology described in [5, 13].

In the second part of the paper, we demonstrate
the utility of the framework by exploring two tech-
niques for interconnect power optimizations. First
, we show how inversion encoding (Section 3) on
global interconnects saves power at minimal latency
overheads. Second, we explore the power impact of
changing repeater sizes and spacing between them
for latency tolerant global buses. Finally, we explore
the architectural impact (Section 4.2) of such opti-
mizations on an interconnect fabric with-in the tex-
ture cache. In summary, this ongoing study provides
the following contributions:

• We discuss a flexible architectural power mod-
eling framework that employs analytical, empir-
ical, and area based models to provide a founda-
tion for circuit and architectural optimizations
in a GPU.

• We demonstrate the utility of the framework by
employing the optimizations of bus encoding
and repeater sizing/spacing and study their im-
pact on the power dissipation of a bus intercon-
nect fabric in a texture cache.

2 Power Modeling Framework

The goal of the power modeling framework is to
estimate power at different levels of detail. Each
level trades off estimation accuracy for speed of sim-
ulation and hence, facilitates design space pruning to
explore a variety of architectures. At the top most

Figure 1. Power Modeling Infrastructure, In-
terfaces, and Usage Modes

level, we employ coarse-grained macro-architectural
power estimation at the granularity of large struc-
tures (memories, queues, arithmetic units, etc.) to
estimate power for different designs at modest ac-
curacy. Once we prune the design space to a few
candidate choices, we employ more detail for im-
proved accuracy, thereby providing flexibility. Fig-
ure 1 shows the high level overview of the power
modeling framework and its interface against an in-
ternal cycle accurate performance model or a bench-
marking suite for stand-alone power model testing
(shown by a multiplexer-like structure). The perfor-
mance model provides the capability to simulate a
modern GPU and employs counters and queues to
track information (data activity, control values, etc.)
necessary for power estimation. This information
is delivered to the power model through a trace in-
terface. On the other hand, statistical benchmarks
can also deliver similar information to the power
model. Process related information (transistor dif-
fusion, voltage, frequency, etc.) is delivered to the
power model through the technology file.

In CMOS circuits, the dynamic power dissipation
(Pd) is defined as

Pd = aCV 2f,

where f and V are the frequency and voltage of op-
eration of the circuit respectively, C is the load ca-
pacitance, and a is the switching activity factor. The
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Structure Analytical Empirical
Model Model

Cache dynamic, leakage dynamic, leakage
FIFO dynamic, leakage dynamic, leakage

Register file dynamic, leakage dynamic, leakage
Bus dynamic, leakage -

Crossbar dynamic, leakage dynamic, leakage
Arbiter dynamic, leakage dynamic, leakage

Bus encoder - dynamic, leakage
Bus decoder - dynamic, leakage
Arithmetic - dynamic, leakage

control - dynamic, leakage
data path - dynamic, leakage

Table 1. Types of models available for the different structures within a GPU

performance model estimates the activity factor for
structures such as FIFOs, buses, caches, etc. For
internal circuits, where the modeling is not accu-
rate enough to calculate activity factor, we assume
values as recommended by [6, 5]. Leakage power,
which also contributes to a significant fraction of to-
tal power dissipated in CMOS circuits today, is de-
termined using analytical models for memory struc-
tures (similar to HotLeakage [14]) and empirical ta-
ble lookup models for all other circuits.

Analytical Models These types of models are em-
ployed for parameterizable regular structures and we
employ a methodology similar to Wattch [6] to build
the models for various structures. Each of the struc-
tures are broken into different constituent stages and
equivalent RC models are built for each of them. Fi-
nally, we sum the capacitances for each of the stages
and then calculate the dynamic power for the struc-
ture. This type of modeling is relatively well under-
stood and models power for wires internal to a circuit
as well. However, they do not model global intercon-
nects and is our motivation for employing analytical
models for global interconnects. Table 1 shows the
type of modeling available for each type of structure
within a GPU. For structures represented by both the
models, the choice of model is dependent on the re-
quired level of accuracy, speed of simulation, and the
required level of detail.

RTL based Empirical Models for Dynamic and
Leakage power This type of modeling is em-

ployed for all structures where the underlying imple-
mentation varies across different units and in struc-
tures where it is difficult to build parameterizable an-
alytical models such as control circuits, custom data-
path, arithmetic units, etc. Power dissipation for such
structures is determined by the activity factor of data
and the control signal that determines the type of op-
eration performed in the structure. For example, in
an FIFO circuit, the control signal (push, pop) de-
termines the operation type and the activity factor of
input data determines the switching activity in the
circuit. Hence, we estimate the power dissipation for
various activity and control values using commercial
low level power simulators (PowerTheater [1] for
RTL code and PrimePower [2] for net-list) and form
a table for the circuit. The table contains both the
dynamic and the leakage power for the circuit. For
power estimation, we perform a table lookup based
on the control signals and activity. Table 2 shows an
example for a FIFO that is modeled empirically.

Interconnect Power Models Power dissipation on
interconnects contributes to a major fraction of the
total chip power [10]. Hence, we employ an ana-
lytical model of a bus to estimate power dissipation
for global and local buses that contribute a signif-
icant fraction to the total power of a macro-block.
For global buses, we assume a methodology similar
to [4], with appropriately sized buffers and repeaters,
inter-buffer distances, etc., depending on the delay
and power requirements. In addition, we compute
the length of the bus using the chip floor-plan assum-
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ing that the bus runs from the center of one block to
that of the other. This simple technique helps us in
exploring various layouts for a given architecture and
can be further improved. For other interconnects, we
employ analytical models similar to [13] for matrix-
based crossbars, arbiters, and empirical models for a
multiplexer based crossbar.

Communication Across Models and Exploration
Implementing a flexible but robust framework that
models power at different levels of detail requires the
establishment of clean interfaces across the perfor-
mance model, power model, and the configuration
boundaries. While the goal of the project is to inte-
grate the power model with the performance model
in a seamless manner so as to perform on-line track-
ing, currently, the model is built as a stand alone
tool in C++ and uses a trace format to read the ac-
tivity data from the performance model. The proces-
sor configuration and the technology configuration
are provided to the power model at the start of sim-
ulation for initial setup. The user can also choose
the level of detail for power modeling or for explo-
ration. An example of exploration would be to inves-
tigate different designs for a global bus depending on
the performance requirements. The user mentions
the latency requirement for the bus either through
the performance model or on the command line and
the power model will explore different options using
techniques discussed above and quantify the perfor-
mance and power impacts of different choices.

3 Exploration

The modeling framework discussed in the last sec-
tion is employed to showcase different case stud-
ies of power optimizations at the architectural level.
we first discuss some offline optimization techniques
followed by on-line optimization techniques. It
should be noted though that we only evaluate the
power impact of offline optimizations due to the cur-
rent status of the existing infrastructure. The first two
case studies form part of a wide interconnection in-
terface that delivers data from the texture cache to
the GPU back-end units. We investigate how encod-
ing reduces the switching activity of global buses to

reduce the total power and then explore the optimal
repeater sizing and spacing for such interconnects.

Optimization I - Bus Invert Encoding The obser-
vation that medium to high activity global buses dis-
sipate a significant fraction of their total power due
to data switching necessitates techniques that can re-
duce such activity. At the same time, the technique
should have minimal overhead in terms of latency
and area. Hence, we investigate simple bus inversion
encoding on global buses in the GPU and quantify
their power impact on wide data buses. Given an n

bit data bus, and we add one additional encoding bit
to get an n + 1 bus. In the first step, the encoder
computes the hamming distance between present cy-
cle bit values and previous cycle bit values. If the
computed distance is greater than n/2, we invert the
all bits to reduce the activity of switching. Thus,
power savings are obtained as a result of a reduc-
tion in switching activity. There are two potential
problems with this technique: it can be observed that
the savings diminish as the bus size increases due to
the increase in the tails of the hamming distance, and
the encoder, decoder, and the encoding bits add area,
latency and power overhead to the bus. The former
can be solved by partitioning a large bus into smaller
encoded sub-buses. Recent studies have shown that
a sub-bus size of 8 bits [9, 3, 11] represents a good
solution in terms of minimal latency and area over-
heads. In our studies, such a configuration doesn’t
affect the clock frequency though the power over-
head is around 10-15% for a 256 bit global bus de-
pending on the bus length.

To model the global bus, we employ empirical
models for the decoder and encoder units and use the
analytical power model for the global bus with delay
optimal repeater sizing and spacing.

Optimization II - Power Optimal Repeater Size
and Spacing Industrial designs for global buses
employ buffers separated by a fixed distance for sig-
nal restoration and repeaters after a fixed number of
buffers. The repeaters acts as pipeline stages and
usually incur more power than the buffers. The siz-
ing of repeaters and buffers, and the spacing be-
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Activity Control Dynamic Leakage
Factor (push, pop) Power Power

0.2 00 0.105 0.118
1.0 00 0.105 0.118
0.5 01 1.610 0.122

. . . .

. . . .
0.7 11 1.610 0.122

Table 2. Empirical Table for a FIFO

tween buffers are optimized for delay and the devices
are conservatively over-sized, leaving a sufficient de-
lay margin for power optimizations. We employ the
methodology proposed by Banerjee et al. [5, 4] and
apply the technique in GPUs with latency tolerant
interconnect fabrics. For example, the interconnec-
tion interface between the texture cache and the GPU
back-end is a deeply pipelined fabric that is normally
over-provisioned. We exploit the latency margin of
such global buses to reduce the size of buffers and re-
peaters and increase the spacing between the buffers
to create power optimal designs that have minimal
latency overheads. In addition to employing the re-
peater sizing technique discussed in [5], we also vary
the size of the buffers that drive the signal between
two repeater stations.

Proposal I: Exploring Global Bus Interfaces for
Texture Caches In a modern GPU, data delivery
from the texture cache to the back-end consists of
a wide global bus interface that delivers data in a
SIMD fashion. The interface is a deeply pipelined
interface and is a good example of a latency tolerant
interconnect where the impact of the above proposed
optimizations can be studied. It should also be noted
that global bus interfaces are employed frequently at
different parts of the chip (shaders, texture cache hi-
erarchy, interconnection between blocks, etc.) and
contribute a significant fraction (around 40%) to
the total interconnect power dissipated in the chip.
Hence, we employ our simulation framework to ex-
plore the power impact of bus encoding and optimal
repeater insertion.

Proposal II: Exploring Crossbars in
Shaders/Texture Cache Crossbar implemen-
tations are commonly used in GPUs for providing
functionality for data alignment, data width selec-
tion, and for swizzle operations. One avenue of
exploration is to compare various implementations
of crossbars for latency and power dissipation
characteristics using offline power estimation.
Another proposal exploits the fact that current
designs employ fully connected circuits in places
where they are not required and hence, designs are
conservative. In blocks where the design need not be
fully connected, the performance model can study
the data patterns within the application suite and can
reduce the number and functionality of interconnect
paths to service only the requirements, thereby
saving area and power.

4 Results

4.1 Experimental Methodology

Our power models are employed to simulate a
GPU running at a frequency of 750 MHz (1.1V) on a
55nm process. For simulating power across the inter-
connection networks and buses, we employ the ana-
lytical model for repeaters, buffers, and wires, while
the decoder and encoder circuitry employs empiri-
cal power estimates. Validation of the models at the
block level and the chip level is an important task and
we are currently investigating such an approach.

For simulating the traffic on the interconnects, we
employ statistical benchmarking including normal
and uniform random distributions for ten million cy-
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Power Savings for Uniform Distribution
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Figure 2. Power Savings for Uniform Distri-
bution for a 7 mm Global bus

cles. The results are averaged over fifteen runs to
ensure consistency and repeatability. We would like
to eventually execute real world graphics programs,
but for simulating behavior across interconnects, ran-
dom distributions approximate the bursty nature of
data traffic reasonably well.

4.2 Evaluation

In this section, we evaluate the impact of optimiza-
tions I and II on the global bus interface in the texture
cache (proposal I). As mentioned previously, eval-
uating proposal II requires on-line performance and
power estimation for application analysis, and hence,
is left as part of future work.

Impact of Inversion Encoding on Texture Cache
Interface We now evaluate the power impact of
inversion encoding (Case Study I) under uniform
random and normally distributed traffic. Figure 2
shows the power savings for a 256 bit global bus
for different lengths. It should be noted that for
any given length, the power savings are computed
with the un-encoded bus of the same length as the
baseline. Hence, the encoded bus models incur the
power overhead of the encoder, decoder and the ex-
tra bits employed for encoding. It can be observed
from the plot that inversion encoding provides be-
tween 15-20% power savings as compared to un-
encoded buses. This is mainly attributed to the re-
duced switching activity of the encoded bus during
periods of high activity. As the length of the bus in-
creases, the power savings increase due to two rea-
sons: the overhead of the decoder/encoder circuitry

Power savings For Global buses of varying length (mm)
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Figure 3. Power Savings for Normal Distri-
bution

is amortized over the length of the bus and a greater
reduction in the switching of a longer bus.

Figure 3 shows the power savings for normally
distributed data traffic for various mean activity fac-
tors. The general observation is that the power sav-
ings increases as the activity factor and the length in-
creases. Global buses with low activity (around 0.2)
are affected adversely by bus encoding. The power
(mainly leakage) incurred in the encoding and the de-
coding circuitry adds to the power dissipation while
not affecting the switching activity of the bus. The
power overhead of encoding is as high as 13% for
a 7mm bus and 10% for a 15mm bus. Global buses
with medium to high activity (≥0.35) benefit signif-
icantly from encoding. It can be observed that at
a mean activity of 0.5, we save power by as much
as 10% for a 15 mm global bus. For higher activity
buses, the power savings obtained increases rapidly
to as much as 22-28% for various lengths. Encoding
thus is inefficient for low activity buses and benefi-
cial for wide global buses with medium to high ac-
tivity. It can also be observed that the break even
point ( when power saving equals the power over-
head) moves to the left (less activity) as the length of
the bus increases. This is due to the amortization of
the encoding overhead as the length increases.

Impact of Optimal Repeater Sizing and Spacing
for Power on Texture Cache Interface Table 3
shows the power savings obtained in a 7 mm global
bus when the repeater size and spacing are varied in
a 55nm process. We employ three different sizes of
buffers(D16,D12, and D8) and two different sizes for
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repeater stations (RP12, RP8). In our studies, we
only show results for combinations that minimally
affect timing and circuit level issues. It can be ob-
served that we can achieve 11-13.7% power savings
for latency overheads of less than 5% without af-
fecting issues such as signal integrity, crosstalk, etc.
Given the over-constrained designs in today’s GPUs,
the power savings are likely to be achieved without
any effect on the clock frequency. Though the power
savings are significant given the minimal or zero la-
tency and area overhead, our numbers are not as high
as reported in [5] due to the following reasons: previ-
ous studies assume a greater contribution of leakage
to total power dissipation(≥ 50%) and do not include
the power overheads of buffers that drive the signals
in addition to the repeater stations.

5 Related Work

Power Models Brooks et al. [6] developed Wattch,
the most popular power simulator for CPUs. This
academic simulator employs analytical models for
various regular structures based on implementations
in the Alpha 21264 and our methodology for build-
ing analytical models is similar. The difference is
that we employ internal models used for implementa-
tion. Also, for custom regular structures such as high
density register files and certain memories, we em-
ploy empirical models for greater accuracy. Simple-
Power [12] is another academic simulator that em-
ploys empirical models. TEM2P2EST [7], an in-
dustry simulator employs a combination of analyti-
cal and empirical models for power and temperature
estimation in CPUs. To our knowledge, Qsilver [8]
is the only simulation framework that allows for ar-
chitectural optimizations in GPUs. The difference
between these simulators and our framework is two-
fold: first, Simplepower, Wattch, and TEM2P2EST
are geared towards CPUs while our framework is for
GPUs. Secondly,the above simulators do not include
power models for interconnects, and with intercon-
nects incurring a major fraction of power dissipation
in future processors, our framework provides a sin-
gle unified framework for full chip power simulation
at a greater level of accuracy.

Interconnects This work builds on [4] that ex-
plores repeater sizing and spacing for long intercon-
nects. To our knowledge, this is the first work that
explores the power impact of encoding on long inter-
connects in GPUs. In addition, we also explore dif-
ferent techniques of power optimization across vari-
ous interfaces in the design of a texture cache.

6 Conclusions and Future Work

As processing requirements for graphics models
increase rapidly, GPU resources will also scale up in
number and functionality. A linear increase in re-
sources and the addition of new functionality exac-
erbates the problem of power dissipation and further
heat removal, necessitating expensive cooling solu-
tions. Simulation is a very important tool and early
stage power estimation is essential to study the im-
pact of resource and functionality addition. Towards
this goal, we have presented our on-going work for
a flexible architectural power modeling framework
that trade-offs accuracy and speed of simulation at
different levels. A combination of macro and micro-
architectural modeling employs analytical and em-
pirical models estimates power at sufficient accuracy
to complement low level models. We demonstrate
the effectiveness of the framework in exploring how
encoding on long buses can save as much as 15-30%
power at medium to high activity levels. Our study
also demonstrates the power impact of varying the
size of repeaters and buffers for long interconnects.
Overall, this study demonstrates the effectiveness of
the modeling framework in exploring the architec-
tural impact of various optimizations.

This ongoing study requires further enhancements
to improve it robustness. On-line power estimation
is currently underway. Once on-line power estima-
tion is ready, workload characterization is required
to identify bottlenecks for power and to investigate
architectural solutions. The interconnect based area
models will be further enhanced to build a temper-
ature model for predicting transient chip tempera-
tures. Validation is required at the chip level to guar-
antee the accuracy of power estimation.
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Buffer-Repeater size/Inter-buffer distance(mm) 0.5 0.6 0.7 0.8
BUFFD16-RP12 - 4.46 5.53 8.33
BUFFD12-RP8 4.69 8.03 9.14 11.14
BUFFD8-RP8 8.7 11.20 12.03 13.70

Table 3. Power savings for power optimal repeater insertion
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