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Abstract

This project investigates on the design of next decade microprocessors, taking into account the
new opportunities and challenges of future technologies, and the characteristics of future
workloads. The project focuses on key areas of microarchitecture and compilers for future
microprocessors: (i) power reduction and temperature control, (ii) speculative multithreaded
processors, (iii) clustered microarchitectures, (iv) instruction-set architecture design, (v) memory
architecture, (vi) variability-aware architectures, and (vii) co-designed virtual machines.
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1 Project Goals

This project focuses on novel microarchitecture and compiler solutions for future generation
microprocessors. The tasks of the project and their specific objectives are detailed below.

1.1. Power Reduction and Temperature Control

Reduce power and energy for multithreaded applications running on multi-cote systems.
Design new dynamic thermal solutions for multi-core systems.

1.2. Speculative Multithreaded Processors

Reduce the dynamic size of the pre-computation slice.

Improve the data cache locality of speculative multithreaded processors.

Design a novel speculative multithreading paradigm, called Anaphase, for leveraging multiple
cores to improve single-thread performance in multi-core systems.

1.3. Clustered Processors

Design power-effective clustered multithreaded architectures for both single-threaded and
multi-threaded workloads.
Investigate compilation techniques to improve the performance of the proposed architecture.

1.4. ISA Extensions for Dynamically Scheduled Processors

Develop a microatrchitecture simulator that models an out-of-order processor with instruction
predication and register windows.

Investigate new techniques to execute predicated code on out-of-order processors.

Design an efficient implementation of register windows for out-of-order processors.

1.5. Memory Architecture

Characterize  NUCA caches in a multicore environment. Characterize strengths and
weaknesses of the main schemes in the literature.

Propose novel designs of multicore NUCA caches.

Implement global replacement mechanisms in distributed multicore caches.
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¢  Evaluate network configurations and coherence protocols for distributed caches in terms of
performance, energy consumption and temperature.
*  Design new efficient and simple hardware schemes to implement transactional memory.

1.6. Variability-Aware Architectures

*  Characterize the main sources of variations and their impact on delay and power.

*  Propose adaptive techniques for the main circuits in a microprocessor to operate close to the
common case.

* Increase the efficiency (higher performance and lower power) of circuits by proposing new
variation-aware designs that improve latency and power.

1 7. Co-Designed Virtual Machines
Design and develop a research infrastructute to for co-designed virtual machines.

*  Propose novel hw/sw co-designed approaches to reduce the overheads of virtual machines.

¢ Implement and evaluate novel speculative optimizations in simple processors with the aim to
reduce power and area.

2 Level of Success of the Project

Most of the objectives proposed have already been accomplished during these first two and a half
of the project. The level of success for each of the different research areas is described below.

2.1. Power Reduction and Temperature Control

Multicore processors have become mainstream in all segments. Energy consumption is one of
major hurdles in multi-core systems and the workload imbalance among cores is a main source of
energy inefficiency.

In this task, we developed a novel mechanism called meeting point [19], which dynamically
estimates the criticality of the threads in a parallel execution. Knowing the criticality of each thread
has multiple applications. In particular we designed two novel schemes called thread delaying and
thread balancing by using the thread criticality information to save energy and improve
performance, respectively. Thread delaying combines per-core dynamical voltage-frequency scaling
(DVFS) and meeting point thread characterization to reduce energy consumptions on non-ctitical
threads. Our experiments shows that it can achieve up to 40% energy savings without any
performance loss for 4-cores and 8-cores systems. Thread balancing gives higher priority in the
issue queue of a simultaneous multithreaded (SMT) core to the critical thread. The experiments
show that it improves performance from 1% to 20%.

We also proposed a technique called thread fusion [30], which reduces power consumption
when a SMT core is executing two threads from a balanced parallel application. Two dynamic
instances of the same static instruction, each from a different thread are merged into a single
instruction, consuming half of the resources of front-end pipeline stages. Our experiments show an
average energy reduction of 10% with less than 1% impact on performance.

In the area of new thermal solutions, we proposed different dynamic thermal management
schemes based on Thin-Film Thermoelectric (TFTECs) cooling devices to handle multiple
hotspots in multi-core systems [27]. Results show that our TFTEC-based proposal achieves a
performance that is within 8% of a thermally unconstrained processor.

We also evaluated different dynamic thermal management techniques such as thread migration,
local DVFES and global DVFES for multi-cores to boost performance while controlling the operating
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temperature [26]. The experiments show that local DVES is the most effective scheme in almost all
configurations and the combination of global DVES and thread migration performs quite well
compared to local DVFES.

2.2. Speculative Multithreaded Processors

We proposed techniques to improve the cache behavior and the size of the pre-computation slices
in speculative multithreaded processors. The first technique, called Selective Replication, mitigates
the loss of temporal and spatial locality with respect to a sequential execution. As most of the
additional misses correspond to the same static instructions, we proposed a technique that detects
which static instructions are likely to be delinquent and in case of miss, the missing line is replicated
in all thread units.

Besides, we observed that there are many instructions executed by the pre-computation slices
that do not compute any value consumed in the speculative thread, but they are requited to
compute the control-flow. We proposed a technique that removes those branches of the pre-
computation slices that are highly predictable as well as all the instructions just required to compute
such branches. The original pre-computation slice is split into multiple shorter slices and a Slice
Predictor determines which one is used. Both techniques combined obtain a performance
improvement of around 20% on a set of hard to parallelize benchmarks [9].

Finally, we proposed a novel speculative multithreading technique called Anaphase. It features a
innovative partitioning algorithm [11], which automatically decomposes applications into
speculative threads at instruction granularity, and a set of novel and cost-effective hardware
mechanisms that support the execution of the resulting threads in a multi-core system.

Our studies demonstrated the effectiveness of Anaphase for boosting single-thread
performance, resulting from exploiting ILP, TLP and MLP, with high accuracy, and low overheads,
even in hard to parallelize applications where traditional coarse-grain speculative multithreading
schemes do not perform well. In particular, Anaphase boosted Spec2006 applications by 41% on
average, and up to 2.6x for some selected applications [10] on a dual core processor.

2.3. Clustered Processors

In the area of clustered processors, we proposed a heterogeneous micro-architecture where
voltages and frequencies can be varied at run-time at cluster granularity. This novel approach has
better flexibility and adaptability than previous proposals where voltages and frequencies could
only be varied when new applications were scheduled [19].

Moreover, we enhanced this microarchitecture by proposing novel compile-time analysis that
identifies code regions that may take advantage of similar voltage/frequency pairs [19]. We also
proposed schemes for acyclic [28] and cyclic [2] instructions scheduling, cluster assignment and
register allocation.

We proposed a novel ROB scheme able to allocate more in-flight instructions than
conventional ROB designs without enlarging its size [3][31].

For multithreaded clustered processors, we proposed novel schemes that make a better
distribution of the available resources among the running threads significantly improving the
processor performance [32].

Finally, we proposed schemes that combine hardware and software to make a more adaptive
and more complex-effective assignment of instructions to clusters [20]. In particular, we proposed
a scheme that generates an initial partition of the code at compile time, and then it refines this
assignment at run time through simple hardware mechanisms.
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2.4. ISA Extensions for Dynamically Scheduled Processors

We designed and implemented a simulator that models an out-of-order processor supporting the
IPF ISA, with full predication and register windows. It was developed from scratch by using the
Liberty framework from Princeton University, and we proposed several new techniques to support
predication and register windows on dynamically scheduled processors.

First, we proposed a technique that allows the efficient implementation of predication in
dynamically scheduled processors, which is based on the prediction of predicates [47]. Our
technique significantly improves branch prediction accuracy by taking advantage of the eatly
resolution of some predicates with respect to the branches that use them [48].

Second, we proposed three techniques for eatly release of physical registers for systems with
register windows, that drastically reduce register requirements, and hence their cost [49]. These
techniques exploit several observations on the semantics of subroutine call conventions.

With the proposed technique, the number of required registers is reduced to the bare minimum
(i.e. logical registers plus one) without any significant performance degradation with respect to
unlimited number of registers [7]. Moreover, its implementation is less complex than previous
related approaches.

2.5. Memory Architecture

We proposed several techniques related to transactional memory, non-uniform cache (NUCA) and
distributed cache architectures for multicore processors. At the same time, we did some works on
design-space exploration and power reduction.

First, we did a detailed analysis of NUCA caches in multicore processors [35],[39]. The results
of the analysis pointed out the replacement policy as a critical NUCA policy, and we proposed two
novel mechanisms. The Last Bank mechanism [37] includes an extra bank in the center of the
NUCA cache that behaves like a Victim Cache. The LRU-PEA [9] is based on a novel
prioritization for data blocks in the NUCA cache, which is used to decide the most appropriate
data to evict from the NUCA cache.

We also worked on distributed cache architectures for large-scale multicore processors. Our
first proposal [38] [41] is based on Cooperative Caching. In this proposal, the coherence engine is
redesigned to allow for its partitioning and thus, eliminate the size constraints imposed by the
duplication of all tags. At the same time, a global replacement mechanism has been added to
improve the usage of cache space. Then, we evaluated several network configurations for
distributed caches in terms of performance, energy consumption and temperature [6] [44]. Finally,
we proposed a technique to save leakage in distributed caches by selectively switching off the less
used lines. This technique relies on analyzing the information of coherence protocols [34]

Another area related to the memory hierarchy of multicore processors that we explored was
transactional memory. The first step was to analyze and evaluate the most common techniques
proposed in the recent literature [40]. This analysis pointed out a penalty that is introduced when
large transactions are executed, particularly, in the presence of contention. Therefore, we proposed
FasTM [36] to reduce this problem. FasTM increases the performance significantly, maintaining
the simplicity of the design.

2.6. Variability-Aware Architectures

In this area, we studied reliability topics such as NBTI, soft etrors, fuses and novel memory cells.

On the memory cell area, we proposed a novel macro-cell [46] that has better characteristics
under process variations. When using this macro-cell, memory structures still work at points where
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conventional cells would not work. We also analyzed the usage of 3T1D cells for future
technologies and we showed that they work better under process variations than conventional 6T
cells [4][42][43][44]. We also evaluated the impact on performance predictability of memory cells
and techniques to optimize it [7][51]. We proposed a technique to detect erratic bits [17] and
modeled the variability on current and future memory technologies [28].

We also worked on the area of detection, confinement and correction of errors caused by
variations [1][9][13][14][15][16][17][18]. We proposed a robust design for the control logic of the
processors [18]]23][24][25]. The technique proposed verifies that data consumed by instructions is
correct. This cover potential faults in the datapath, the register file, the selection logic, the issue
logic, etc.

Another focus was the design of robust regular circuitry. These designs are much more
restrictive than conventional ones but they tolerate a larger amount of variation and they reduce
the design time of circuits [46].

2.7. Co-Designed Virtual Machines

One of the challenges we have found when doing research on co-designed virtual machines is the
lack of a robust, flexible and complete tool to evaluate such systems. For this purpose, we recently
started a task to design and implement a tool chain to be used in our future research activities.

Another focus of our research in this part has been the code of the virtual machine itself,
referred to as the optimizer from now on for simplicity. We have started exploring mechanisms to
execute the optimizer more efficiently. In particular, we have analyzed what are the start-up
overheads of the optimizer. Reducing start-up overheads is mainly important for: (i) short
applications and (i) interactive applications. We found that an important overhead is the
constructions of the Data Dependence Graph and have proposed a scheme that reduces he
overheads from 19% to 3%.

We have been working on a scheme to efficiently execute 64-bit binaries in narrow (e.g., 16 bit)
pipelines. In this area, we proposed two novel speculative optimizations to remove unnecessary
narrow 16-bit instructions. The first technique is teferred to Global Productiveness Propagation
and it is based on speculatively removing those instructions that do not modify the atchitectural
state at 16-bit granularity given a code region (in our case, routines). We have observed that this
technique is able to eliminate 7% of the dynamic instruction stream. On the other hand, the
technique referred as Local Productiveness Pruning eliminates unnecessary 16-bit instructions at
the 64-bit instruction granularity. This reduces the dynamic stream by 20%.

Finally, we designed a specialized functional unit consisting of multiple processing elements and
we have integrated it into a general-purpose simple processor, with special emphasis in the
interconnection between this unit and memory, the register file and the other functional units. We
developed a novel code generation and optimization techniques to make an effective use of this
unit in a co-design virtual machine system. Such techniques include instruction scheduling and
instruction fusion. The proposed techniques speed up general-purpose applications by 15%.
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3.3. PhD Students

During these two years an a half, there were 5 PhD students of the team that successfully
completed their PhD (Pedro Chapatro, Josep M Codina, Eduardo Quifiones, Fernando Latorre,
Alex Aleta), and 21 more that are still working on it (Lloren¢ Cruz, Carlos Aliagas, Stefan
Bieschewski, Rakesh Ranjan, Indu Bhagat, Abhishek Deb, Marc Pons, Enric Herrero, Catlos
Madriles, Pedro Loépez, Govind Shenoy, Shrikanth Ganapathy, Aleksandar Brankovic, Javier
Carretero, Rakesh Kumar, Javier Lira, Marc Lupén, Demos Pavlou, Marti Torrents, Gaurang
Upasani, Fahimeh Yazdanpanah).

3.4. Patents
During the last 2.5 years, the members of the team have (co-)authored 8 inventions that were filed.

3.5. Technology Transfer

The research group has been extremely active in the area of technology transfer. Some of the
members of the team have been working on a joint research lab of the Universitat Politécnica de
Catalunya and Intel Corporation. The group has collaborated with various product groups in Intel
in the design of future microprocessors and compilers.

3.6. Collaboration with Other Groups
In addition to multiple groups in Intel, we have collaborated with other research groups at:
Universidad Politécnica de Valencia, University of Wisconsin-Madison, Edinburgh University,

Northeastern University, University of Glasgow, IMEC, Harvard University, and other groups in
UPC.

3.7. International Projects

We started a new research project funded by the EU FP7 program. The project is codenamed
TRAMS: Terascale Reliable Adaptive Memory Systems. UPC and Intel are partners in the project
together with IMEC (Belgium) and the University of Glasgow (UK).

3.8. Other Indicators

The members of the team have participated in more than 15 program committees of symposia,
have been general chair for MICRO 2008 and program chair for HCPA 2008, have been members
of the editorial board of five journals and have given numerous invited talks in symposia, academia
and industry.



