
Parallelization, Customization and Automation 

Abstract -  In order to meet today’s ever-increasing computing 
needs and overcome power density limitations, the computing 
industry has halted simple processor frequency scaling and 
entered the era of parallelization, with tens to hundreds of 
computing cores integrated in a single processor, and hundreds 
to thousands of computing servers connected in a 
warehouse-scale data center. However, such highly parallel, 
general-purpose computing systems still face serious challenges 
in terms of performance, power, heat dissipation, space, and 
cost. We believe that we need to look beyond parallelization and 
focus on domain-specific customization to provide capabilities 
that adapt architecture to application in order to achieve 
significant power-performance efficiency improvement. This 
paradigm shift requires a great deal of innovation in 
architecture, compilation, and runtime system design, and offers 
many exciting and challenging research opportunities. I shall 
discuss the research progress in this direction and its 
implications in the EDA industry. 

I. Introduction 

In order to meet today’s ever-increasing computing needs 
and overcome power density limitations, the computing 
industry has halted simple processor frequency scaling and 
entered the era of parallelization, with tens to hundreds of 
computing cores integrated in a single processor, and 
hundreds to thousands of computing servers connected in a 
warehouse-scale data center. However, such highly parallel, 
general-purpose computing systems still face serious 
challenges in terms of performance, power, heat dissipation, 
space, and cost. We believe that we need to look beyond 
parallelization and focus on domain-specific customization to 
provide capabilities that adapt architecture to application in 
order to achieve significant power-performance efficiency 
improvement. Many decisions need to be made during the 
architecture and microarchitecture designs: 

• For computing elements, shall we use a few powerful 
cores or many simple cores?  What is the balance 
between general-purpose cores versus special-purpose 
accelerators? 

• For on-chip memory, shall we use cache (managed by 
hardware) or scratchpad memory (managed by the 
application program)? 

• For on-chip interconnects, what topology (e.g., bus, 
point-to-point, mesh-like network-on-chip) and 
bandwidth shall we provide? 

The truth is that there is no best answer to these questions.  
The optimal choice depends on the application domain. We 
must develop the capability to adapt the architecture to the 
applications so that performance and power efficiency are 
optimized. In this talk I shall share the progress made in the 
Center for Domain-Specific Computing (CDSC) [1] on 
developing a customizable heterogeneous platform (CHP) 
that provides this customization capability. 

II. CHP Overview 

CHP consists of a heterogeneous set of adaptive
computational resources connected with high-bandwidth, 
low-power non-traditional reconfigurable interconnects. 
Specifically, a CHP includes 1) integration of customizable 
cores and co-processors that will enable power-efficient 
performance tuned to the specific needs of an application 
domain; and 2) reconfigurable high-bandwidth and 
low-latency on- and off-chip interconnects, such as 
RF-interconnects, which can be customized to specific 
applications. Figure 1 illustrates an example CHP 
configuration with a set of fixed cores, customizable cores, 
accelerators, programmable fabric, and a set of distributed 
cache banks ($). 

Fig. 1.  CHP illustration 
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III. Recent Progress on CHP Design 

I shall highlight some of our results related to the CHP 
designs. 

• We developed a novel approach to dynamically accelerate 
the performance of sequential application(s) on multiple 
cores. Execution is allowed to spill from one core to 
another when resources on one core have been exhausted. 
We proposed two techniques to enable low-overhead 
migration between cores: prespilling and locality-based 
filtering. We developed and analyzed an arbitration 
mechanism to intelligently allocate cores among a set of 
sequential applications on a CMP. On average, core 
spilling on an eight-core CMP can accelerate 
single-threaded performance by 35 percent. We further 
explored an eight-core CMP running a multiple 
application workload composed of the entire SPEC 2000 
benchmark suite in various combinations and arrival 
times. By using core spilling to accelerate the current set 
of running applications in cases where there are idle 
cores, we achieved up to a 40% improvement in 
performance [2]. This shows that we can dynamically 
“fuse” several simple cores to form a powerful core. 

• Accelerator-rich architecture:  We have implemented 
AXR-CMP [3], a hardware architectural support for 
accelerator-rich CMPs. First, we implemented a hardware 
resource management scheme for accelerator sharing. 
This scheme supports sharing and arbitration of multiple 
cores for a common set of accelerators, and it uses a 
software-based priority mechanism to provide feedback 
to cores to indicate the wait time before a particular 
resource becomes available. Second, we proposed a 
lightweight interrupt system to reduce the OS overhead of 
handling interrupt—which happens often in an 
accelerator-rich platform. Third, we proposed an 
architectural support that allows us to compose a larger 
virtual accelerator out of multiple smaller accelerators, 
and chain multiple accelerators together with minimal 
intervention of the requesting core. We also implemented 
a complete simulation tool-chain to verify our AXR-CMP 
architecture. Experimental results show significant 
performance and energy improvement compared to 
approaches that use OS-based accelerator management. 
We achieved an average 123X in performance (up to 
208X) and 112X in energy efficiency (up to 180X) over a 
software implementation, with minimal hardware 
overhead [3]. 

• Adaptive hybrid L1 cache:  By reconfiguring part of 
the cache as software-managed scratchpad memory 
(SPM), hybrid caches manage to handle both unknown 
and predictable memory access patterns. However, 
existing hybrid caches provide a flexible partitioning of 
cache and SPM without considering adaptation to the 
run-time cache behavior. Previous cache set balancing 
techniques are either energy-inefficient or require serial 
tag and data array access. Recently, we developed an 

adaptive hybrid L1 cache that dynamically remaps SPM 
blocks from high-demand cache sets to low-demand 
cache sets. This achieves 19%, 25%, 18% and 18% 
energy-runtime-production reductions over four previous 
representative cache optimization techniques on a wide 
range of benchmarks [4]. 

• Reconfigurable L2 cache with mixed memory 
technologies:  We proposed a novel reconfigurable 
hybrid cache architecture (RHC) in which NVM is 
incorporated in the L2 cache together with SRAM. RHC 
can be reconfigured by powering on/off SRAM/NVM 
arrays in a way-based manner. We investigated both the 
architecture and circuit design issues for RHC. 
Furthermore, we developed hardware-based mechanisms 
to dynamically reconfigure RHC on-the-fly based on the 
cache demand. Experimental results on a wide range of 
benchmarks show that the proposed RHC achieves an 
average 63%, 48% and 25% energy saving over 
non-reconfigurable SRAM-based L2 cache, 
non-reconfigurable hybrid L2 cache, and reconfigurable 
SRAM-based L2 cache, while maintaining the system 
performance (at most a 4% performance overhead) [5]. 

• Customizable network-on-chip (NoC) designs:
On-chip interconnects need to deliver high bandwidth to 
node pairs with high communication demands. However, 
most often the communication patterns are either not 
known in advance, or change frequently during 
execution.  Therefore, NoCs are usually over-designed 
to cover the worst-case, which happens rarely, with large 
area and power overhead. We showed that promising 
gains can be realized via integration of radio frequency 
interconnect (RF-I) through on-chip transmission lines 
with traditional interconnects implemented with RC 
wires. In addition to the latency advantage of RF-I, we 
demonstrated three further advantages of RF-I: 1) RF-I 
bandwidth can be flexibly allocated to provide an 
adaptive NoC, 2) RF- I can enable a dramatic power and 
area reduction by simplification of NoC topology, and 3) 
RF-I provides natural and efficient support for multicast. 
Based on these observations, we proposed a novel NoC 
design, exploiting dynamic RF-I bandwidth allocation to 
realize a reconfigurable network-on-chip architecture. We 
found that our adaptive RF-I architecture on top of a 
mesh with 4B links can match or even outperform the 
baseline with 16B mesh links, but reduces NoC power by 
approximately 65% including the overhead incurred for 
supporting RF-I [6]. 

As an example, we have chosen our application domain to 
be medical imaging, and we are in the process of finalizing 
the CHP design for this domain. 

IV. Opportunities for EDA 

Although good progress has been made, our proposed 
customizable domain-specific computing methodology 
requires a great deal more innovations in architecture, 
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compilation, and runtime system design, and offers many 
exciting and challenging research opportunities. For example, 
the following are some of the open issues associated with 
CHP design and mapping: 

• We need tools to automatically identify accelerator 
candidates.  We also need the tools to automatically 
synthesize the accelerators once such candidates are 
identified (the C-to-RTL synthesis tools, such as xPilot 
[7] and AutoPilot [8], are part of the solution).  
Furthermore, we need tools to provide accelerator 
virtualization — that is, using available physical 
accelerators to implement more complex accelerators of 
the same or similar types (e.g., implementing a 
1024-point FFT function using a 128-point FFT 
accelerator).  

• We need compilation support to efficiently use the hybrid 
L1 cache with SPMs and the reconfigurable L2 cache 
with a mix of SRAM cache blocks and STT-RAM based 
cache blocks.  We made some progress in this area [9], 
but more studies are needed. 

• We need tools to synthesize customizable NoCs with 
RF-interconnects to decide how to dynamically add 
shortcuts and construct the route. For example, our work 
in [10] shows that routing in an irregular NoC (resulting 
from adding a RF-bus to the underlying mesh-based 
NoC) may deadlock, and we developed efficient NoC 
construction and routing algorithms to avoid the 
deadlock. 

• Finally, simulation of such customizable heterogeneous is 
a large challenge. The existing architecture simulators 
(e.g., [11][12]) cannot model the complexity of CHP and 
nor provide sufficient simulation speed. 
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