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Abstract

With the continuing advancement in CMOS technology, we have more and more

transistors packed on the same die leading to having multiple processing cores on

the chip known as Chip Multi Processors (CMPs). Communication across multi-

ple cores happens with the help of the switch-based network-on-chip (NoC). The

design space of NoC is tightly constrained as the chip real estate needs to be dis-

tributed across the multiple cores as well as multiple levels of caches. The same

constraint applies to power consumption. It has been noticed that communication

consumes almost 36% of the total chip power. With tighter power budgets and to

meet the thermal design power (TDP) for the system, components like the cores/-

caches undergo voltage and frequency scaling and, at times, power off. Powering

off several components to stay within the TDP leads to the concept of dark silicon.

In dark silicon, although the cores/caches are off, the communication network is

expected to be available. In order to reduce the standby power of the network in

such events, one looks for avenues in non-volatile memory (NVM) technologies.

Attempts have been made using a combination of NVM and SRAM buffers in the

routers for energy efficiency. Despite many advantages, the NVM buffers suffer

from costly write operation, and weak write endurance. The challenge in this type

of work is the effective utilization of the NVM buffers.

According to the available literature, due to low write endurance, the lifetime of

NVM buffers is limited. Additionally, the application behaviour at the run-time

and virtual channel (VC) allocation policy lead to write-variations across VCs. In

that, some VCs and virtual networks (VNets) get written heavily compared to

others, which are termed as Intra-VNet, and Inter-VNet write-variation, respec-

tively. To mitigate these unwanted write-variation and achieve better lifetime of

NVM based router buffers, wear-levelling techniques have been proposed in this

thesis. Towards this, we propose wear-levelling with static and dynamic buffer

allocation to VCs. In the static buffer allocation technique, the NVM buffers are

statically mapped to VCs, and the writes are distributed evenly to reduce write

variation in a VNet. We have considered two scenarios: iso-capacity and iso-area,

and proposed VC allocation policies for both since the number of buffers differs in

both the scenarios. From this contribution, we get around 99% reduction of write-

variation over basic VC allocation policy, which results in significant improvement

in the lifetime of buffers. The dynamic buffer allocation policies further enhance

TH-2947_126101001



the lifetime of NVM buffers by reducing write variation across all VNets. By ex-

perimental analysis, we achieved around 20 times lifetime improvement over basic

VC allocation policy.

In the dark silicon scenario, the routers connected to dark processing elements get

very less traffic passing through it. Hence, the power consumption in such routers

can be optimized by using frequency scaling technique or by keeping only NVM

buffers active. From this, we get a 46% reduction in total energy and ten times

lifetime improvement over baseline design.

Another challenge for employing NVM as a router buffer is the costly write oper-

ation. Towards minimization of the effect of the costly write operations of NVM

buffers, with the consideration of performance and energy as a major system-wide

constraint, we proposed write-reduction techniques. The first approach compresses

an incoming packet to the network by removing zero-words. To maintain the lo-

cation of such words, a bit-vector is used. At the destination, the packet gets

reconstructed before it gets forwarded to the protocol buffer. This approach re-

duces flits in the network by 48% and enhances lifetime by seven times. The second

approach reduces packet size by removing clean flits during the cache-write back.

This reduces network flit by 27% and no packet latency overhead is observed over

baseline design.

The thesis has thus demonstrated effective management techniques for writes in

NVM buffers for an optimal lifetime and controlling the effect of costly write

operations.
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Chapter 1

Introduction

Moore’s Law [13, 14, 15] suggests that the number of transistors in an integrated

circuit doubles approximately every two years. This drives architects to increase

the core counts in order to exploit Moore’s Law scaling, rather than focusing on

improving the single-core performance. As shown in Figure 1.1, the transistor

count on an integrated circuit (IC) doubles every two years. Accordingly, by the

year of 2012, the state-of-the-art processors already contain billions of transistors

(such as the Intel’s 7.08 billion transistors GPU [13]). The technology scaling leads

to more processing core units, and large caches on the same die called the Chip

Multi Processors (CMPs). The setup of multiple cores and caches on a chip can

function efficiently only in the presence of an equally efficient on-chip interconnect

since the traditional bus-based designs are no longer scalable. The packet-based

network-on-chip (NoC) provides a scalable and efficient design choice alternative

for on-chip communication for cores and caches.

1.1 Modern Chip Multi-Processors (CMPs)

In CMPs, the large number of cores are integrated on the same die, with identical

(homogeneous) or different (heterogeneous) power budgets. The cores employed

in the CMP are either complex or simple superscalar processors that can perform

1
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Figure 1.1: The plots of transistor counts against dates and Moore’s Law
(courtesy of [4])

a variety of tasks. The main goal to design CMPs were to improve the perfor-

mance and to add the parallelism. Additionally, the performance of a CMP can be

enhanced further by integrating more number of identical cores in each new gen-

eration. With time, upcoming generation workloads and applications need higher

throughput and parallelism with the larger data demands. The multi-level on-chip

caches are attached to fulfil the data demands. Whereas to achieve parallelism, the

CMPs becomes larger, and it needs a strong communication infrastructure which

can only be provided by the modern communication system, called Network-on-

Chip (NoC). Figure 1.2 presents the design and the floor-plan outlines of two

modern CMPs architectures: Intel Single-Chip Cloud Computer [16] and Ultra-

Sparc T2 [18].

The modern CMPs are built by using the following components:

1. The processing cores as the computation unit, CPU cores.

2. An on-chip storage to retain most of the required data needed by the running

application, On-chip Caches.

3. The communication medium through which on-chip communication between

different component happens, Network-on-Chip.
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(a) Intel Single-Chip Cloud Computer - A 48-core processor [16]

(b) UltraSPARC T2 [17]

Figure 1.2: Modern CMPs: Design and Floor-plan outlines
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Figure 1.3: The trend of on-chip interconnections. (a) Point-to-Point
interconnect (b) Shared Bus based system (c) Network on Chip (NoC) based

system

An efficient way to manage communication among the on-chip resources has be-

come critically important in modern CMPs. Figure 1.3 shows the trend of on-chip

interconnection. The peer-to-peer interconnection consumes large wire area which

results in a large area of the chip [19]. The bus-based architecture suffers from

limited bandwidth [19]. Both the approaches suffer from scalability issues which

brings the power and transmission delay overhead when chip size reduces beyond

45nm. For the efficient use of hundreds or thousands processor elements (PEs)
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RC VC Allocator Switch Allocator
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o/p port 0

o/p port ki/p port k

i/p port 0

Figure 1.4: Basic Router Architecture

in CMPs, Network-on-Chip has been proposed as an efficient and scalable solu-

tion. Similar to the concepts in internet and wireless network, NoC uses routers

to route packets instead of wires [20]. The latency and throughput performance is

improved due to the higher network bandwidth. Also, the power consumption can

be significantly reduced by breaking long links between the processors and avoid-

ing high fan-outs in the outputs. The NoC provides more scalable communication

than the other two schemes. Hence, for the technology nodes beyond 50nm, NoCs

are more preferred over the other two paradigms.

1.2 NoC Architecture in CMPs

Figure 1.4 depicts the micro-architecture of a general-purpose NoC router. The

NoC router mainly has five stages: Buffer Write (BW), Router Computer (RC),

Virtual Channel Allocation (VA), Switch Allocation (SA) and Switch Traversal

(ST). The flits go through all these stages inside a router, and after switch traver-

sal, it traverses the link between the current and downstream router.

Each port uses wormhole routing and has multiple VCs per input port. Credit-

based flow control is used to avoid buffer overflow and also guarantees free buffer

space at the downstream input port. This also controls flit transmission and buffer

overflow as well as packet-loss. The buffers in NoC are very simple and mostly

FIFO based, having to say k number of entries. These buffers are managed using

head and tail pointers so that the flits do not need to traverse all the buffers
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before exiting. VCs are logically grouped under a VNet. Packet/flit travels from

one router to another over one virtual network to avoid protocol-level deadlock.

VC allocator assigns the packet to a VC belonging to the appropriate class (i.e.

VNet), similar to the one of the downstream router. Within the VNet the VC

allocator looks for a free/available VC to be assigned to the packet. As the flits

are output, the VCs become available to be used by the subsequent packets.

Flits coming to the router get written into the input buffer in a respective virtual

network (VNet) and VC. The Header flit contains the information about the VC

and VNet which was decided in the upstream router. Next, in the route compu-

tation, the output port is calculated based on the destination router address and

routing protocol. Once the output port is decided, the packets go through the VC

allocation stage. The Switch allocator finds winner among all the requests from

the input ports for the output ports. There can be a maximum of one winner per

output port. The winning input port and the VC gets full control of switch traver-

sal in the next cycle, and the packet/flit gets written to the output buffer. The RC

and VA stages perform the computation for the head flit only (once per packet).

Whereas, the body flits pass through these control stages with no computation.

The SA and ST stages operate on every flit of the packet.

1.3 Power Consumption in CMPs

For each of the on-chip components, the total power consumption can be divided

into three major parts [21, 22, 23]: (1) Dynamic Power, (2) Static Power and (3)

Short Circuit Power.

1.3.1 Dynamic Power

Dynamic Power is defined as the power consumed due to the On-Chip switch-

ing activity of the transistors and circuitry due to the charging and discharging

of capacitance. In general the dynamic power is the processing power which is

TH-2947_126101001



Chapter 1. Introduction 6

represented by the help of following equations [24, 23]:

PDyn = α.C.V 2.f (1.1)

In the eq. 1.1, PDyn represents the dynamic power and α, C, V and f denote activ-

ity factor, capacitance, supply voltage and running frequency of the component,

respectively. As can be seen, the power consumption is directly proportional to

its operating frequency.

In NoC, the major portion of dynamic power is consumed by two basic units: (1)

Routers and (2) Links. The routers consume most of the dynamic power in NoC.

The router’s components responsible for dynamic power consumption are [25]:

1. Router Clock: An essential part of the router which is responsible for

maintaining synchronisation.

2. FIFO Buffers: The buffers store the incoming flits (part of a data block)

coming at the input port of a router. The flit stays in the input buffer until

it gets written into the output buffer after passing through all the control

stages.

3. Arbiters and Allocators: These make sure that the data block/packet

reach the proposed destination.

The detailed modelling of the power consumption for different types of memory

technologies used for the fabrication is discussed in Chapter 2.

1.3.2 Static Power

The power drawn by the on-chip circuitry even when the circuitry is not performing

any task is defined as the static power. The static power mainly indicates the

circuit’s leakage power which depends on two important components: (1) Sub-

threshold Leakage and (2) Gate Leakage [24, 23, 26, 27]. Between these two units,
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the sub-threshold leakage has a direct dependency with the chip temperature and

supply voltage. As chip temperature increases, the covalent bonds in the atoms

of semiconductor materials break. This results in the release of electrons which

starts flowing through the reverse bias and generates current, called sub-threshold

leakage current. The power consumed due to the Sub-threshold Leakage current

is known as Sub-threshold Leakage power. The Gate Leakage power consumption

happens due to the down-scaling device size and the reduced thickness of gate-

oxide materials.

The relation of sub-threshold leakage with running temperature and supply voltage

is given in following equation [28, 24]:

PStat = K1VDDT
2e((αVDD+β)/T ) +K2e

(γVDD+δ) (1.2)

In the eq. 1.2, PStat represents the static power consumption due to sub-threshold

leakage for a CMOS circuit. VDD is the supply voltage and T denotes the current

temperature. K1, K2, α, β, γ and δ are empirical constants that depend on the

circuit size, topology, technology and design.

Total static power of a CMP comes from the static power consumed by all of its

components, i.e. cores, caches and NoC.

1.3.3 Short-Circuit Power

The short circuit power is consumed due to non-zero rise/fall time of the CMOS

circuitry. The power is consumed during a short time-span when both NMOS

and PMOS are active simultaneously, which makes a direct link between supply

voltage and ground. In general, this power consumption is negligible and often

ignored while analysing power consumption of modern CMPs [24, 23, 26].
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This dissertation considers only the static and dynamic power/energy for the

calculation of power/energy consumption.

In the case of modern CMPs, among all the on-chip components, cores are usually

accounted for their high dynamic power consumption whereas caches and on-chip

interconnects are considered for their high leakage energy. Also, in modern CMPs,

the number of transistors increases and occupies large wafer real estate. This leads

to the large leakage power consumption, which is a major contributor to the total

power consumption of the chip. This motivates computer architects to reduce the

power consumption due to on-chip interconnects. The thesis focuses on reducing

the leakage power consumption of the NoC routers by employing the emerging

near-zero leakage power NVM buffers.

1.4 Motivation

Dark core

Dim core

Active core

(b)(a)

Figure 1.5: Different application mappings in Dark Silicon scenario.

With technology scaling, we have more and more transistors available on the chip.

Dennard scaling [29] claimed that the performance per watt of computing grows

exponentially at roughly the same rate. It suggested that even if the technology

scaled, the power density remained constant, and hence, the power dissipation

stayed in proportion with the area. However, with recent sub-micron technology

scaling, Dennard Scaling no longer holds, and the power dissipation increases,

leading to the rise in chip temperatures. Scaling of technology leads to challenges
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Figure 1.6: Static and dynamic power breakup of a router at different tech-
nology nodes.

related to increased power dissipation, mainly due to the leakage currents. To mit-

igate the leakage power dissipation and to meet the thermal design power (TDP)

limit for the system, few components, like the cores and caches, undergo voltage

and frequency scaling and, at times, power off. Powering off several components

to stay within the TDP leads to the concept of dark silicon [30, 31]. With further

scaling in technology and more integration of cores on the chip, it is predicted

that the dark area will range from 20 to 80% of the chip [32, 33]. ITRS suggests

that by 2020 only 10% of the chip’s hardware resources are useful at any given

time due to the on-chip power density [34]. A comprehensive discussion of the

state-of-the-art approaches for dark silicon can be found in [35, 36]. Figure 1.5

shows two dark silicon patterns in 4×4 TCMP, where fig. (a) has 75% of dark

cores, and the remaining four cores are running on full frequency. Whereas in fig.

(b) 50% of cores are kept dark and remaining 50% cores are running on low power

mode, making it dim. Although the cores and or caches are dark/power-gated or

grey/dim (operating at low power mode), the communication network is expected

to be available in dark-silicon [37].

1.4.1 NoC Power Problem and Connectivity

The 16-tile MIT RAW On-Chip network consumes 36% of total chip power, with

each router dissipating 40% of individual tile power [38]. Whereas, in Alpha

21364 microprocessor, router, and the links consume approximately 20% of the

total chip power [39]. The router presented in [40], consumes 28% of tile power

in comparison to tiny cores. In general, the NoC occupies a significant area on
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Figure 1.7: Dynamic Power dis-
tribution across various router com-

ponents.

Figure 1.8: Static Power distri-
bution across various router compo-

nents.

the wafer real-estate and consumes a significant amount of total chip power over

which leakage power becomes the major contributor [41] [42]. As can be seen from

the figure 1.6, the leakage component of the power budget is significant compared

to the dynamic power, and the share of leakage increases as technology scales.

The figure 1.7 and 1.8 depict dynamic and leakage power breakdown for router

components. The network buffer is responsible for the majority of leakage power

dissipation in a router. It shows that in dark silicon setup, when a majority of

cores/caches are power-gated, NoC (and mainly its buffers) may become a major

power contributor due to leakage power consumption.

In the interest of reducing the standby power of the NoC in dark silicon, Non-

Volatile Memory (NVM) technologies can be used as an alternative for the

router buffers.

The chip designers are considering recent emerging Non-Volatile Memory (NVM)

technologies as a design alternative of conventional charge based volatile mem-

ory technologies. There are several types of NVMs that are under research, out

of which some have reached advanced development stages and are commercially

manufactured, and some are not yet mature. One of the states of art [6] lists 12

such NVM technologies: Spin Transfer Torque Random Access Memory (STT-

RAM), Phase Change Random Access Memory (PCRAM), Resistive Random Ac-

cess Memory (ReRAM), etc. We limit our ideas to the STT-RAM [43] as it is

extensively studied and considered as a viable replacement to conventional charge

based volatile memory technologies like SRAM. Compared to the SRAM, the NVM
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technologies use resistance as an information carrier. This makes them prone to

soft reliability errors.

NVM technologies offer many advantages over conventional SRAM technology.

These advantages include large retention time or non-volatility, high density, low

standby leakage power, multi-bit storage capability, and read latency and energy

compared to conventional counterparts. Despite many advantages, there are some

drawbacks that reduce the chances of NVMs to be used in the actual hardware.

The disadvantages include large write latency and dynamic energy due to the long

time and large energy consumption for bit flipping. To mitigate the expensive

write operations, researchers have used hybrid memory technology to make use of

the best characteristics of SRAM and NVM technologies [1] [44]. Another leading

set of a problem with the employment of NVM buffers arises due to the weak write

endurance [8] (the ability of NVM cell to withstand a certain number of writes

before it breaks out). The write endurance value of these NVMs are 108 writes for

PCRAM, 1011 writes for ReRAM and, for STT-RAM the predicted value is 1015

writes but the write endurance value tested so far is 4× 1012 writes [8, 45, 46, 47].

Furthermore, the weak write endurance of the NVM buffers can also get affected

by the unwanted write variations generated by the system. In other words, the

writes to the router buffers are non-uniformly distributed among virtual networks,

i.e. Inter-VNet and among virtual channels inside the virtual network, i.e. Intra-

VNet. Due to the non-uniform write distribution across buffers, there are certain

VCs with more number of writes than others. If we design NoC buffers using STT-

RAM, then the number of writes to them will be governed by the NoC policies, and

this variation will affect the lifetime of the individual buffers: as some buffers may

get written several times more compared to some other buffers. This will indirectly

affect the lifetime of the router as a whole. These above mentioned circumstances

encourage us to develop techniques to reduces costly write operations and maintain

uniform writes to improve NVM lifetime.
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1.5 Thesis objectives

The main aim of my research work is to reduce the leakage power consumption

of NoC router buffers. Towards achieving this, we propose to use NVM based

buffers. However, NVM buffers suffer from weaker write endurance and costly

write operation. To overcome the shortcomings of NVM buffers, we list four

objectives of this thesis which are as follows:

1. Minimize write variation across the virtual channels in each VNets

2. Minimize write variation across the VNets in the input port buffers

3. In Dark Silicon, when most of the nodes are power-off, identify methods to

save energy and improve performance while maintaining connectivity

4. Reduce the number of writes in NVM buffers to reduce costly write operation

and improve the lifetime

1.6 Thesis Contributions

The major contributions of this thesis are be summarised below:

1.6.1 Wear Levelling by Static Buffer Assignment to VCs

The objective of the thesis is to employ NVM technology-based buffers in the

router of the NoC for their energy efficiency and use them effectively by taking

care of wear levelling and write variations. In the first contribution, we assign a set

of buffers to each virtual channel, and these buffers remain permanently assigned

to the particular VC throughout the lifetime of the design. The contributions will

then involve the allocation of incoming packets to particular VCs while taking

care of wear levelling. As STT-RAM is 3-4 times denser than SRAM, we have

conservatively used three times the number of SRAM buffers for our STT-RAM
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counterparts. Write variation aware VC allocation to packets can be done in two

scenarios: Iso-Capacity and Iso-Area.

1.6.1.1 Iso-Capacity based VC allocation: WVAR, Hy-WVAR

Here we assume the same number of VCs as in the baseline SRAM based NoC

router. These VCs can be made using buffers made of SRAM or STT-RAM.

In WVAR all buffers/VCs are STT-RAM based while in Hy-WVAR there is a

combination of STT-RAM buffer based VCs and SRAM buffer based VCs. In

order to uniformly distribute the writes, we maintain counters with each STT-

RAM based VC. When a write happens to a VC buffer, the counter associated gets

incremented. These write counts for all VCs within a VNet, are used to uniformly

distribute the writes. In particular, during the VC allocation stage, among the free

STT based VCs, the VC with minimum write counts is allocated to the packet.

The usage of STT-RAM buffers increases the packet latency. To overcome this

limitation, we propose the Hy-WVAR policy which uses an alternative SRAM VC,

as SRAM has lesser write latency. When the network traffic increases beyond a

predefined threshold, VC allocator activates SRAM VC in place of one heavily

written free STT-RAM VC.

1.6.1.2 Iso-Area based VC allocation: SET-RR, SET-VNet-WC

In this work, we utilise the fact that STT-RAM has more density than SRAM. On

the same chip area, the capacity of STT-RAM can be around 3-4 times the capacity

of SRAM. We use this fact and (conservatively) take STT-RAM buffers 3-times

the number of SRAM buffers. Having additional buffers can help in enhancing

the lifetime by utilising them judiciously. The extra buffers are used in forming

additional virtual channels and then virtual networks. We then select a subset of

these VNets while running the application. In case we allow all the VNets to be

available for use, then the write variation increases. Therefore, the available VNets

are divided into (three) sets, and we use VNets in one set over an interval before
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switching to another set during the next interval. The policy is called SET-RR,

and it distributes the writes evenly in the VCs in the sets.

The above policy reduced the write variation but not completely. This is because,

across the sets, there is still some variation. SET-RR selected a VNet from a

particular set and used it throughout the interval. However, it may happen that

certain VNets within one set have incurred more writes compared to VNets in

another set. Therefore, at the start of each interval, we propose to select VNets

from different sets depending on their write counts.

In both SET-RR and SET-VNet-WC, once a VNet is selected, WVAR allocation

policy is applied. Also, to improve the write latency, Hy-WVAR variant is also

implemented and evaluated.

This work is fully discussed in Chapter 3.

1.6.2 Wear Levelling by Dynamic Buffer Assignment to

VCs: Dy-WVAR, Hy-Dy-WVAR

In the second contribution, we assign a group of buffers to each virtual channel

over an interval. However, at the end of interval depending on the write counts,

a buffer group may get assigned to another VC. In particular, a VC is logically

constructed by buffer-groups, and after each interval, these buffer groups are reas-

signed guaranteeing that the writes in the buffer-groups are evenly distributed. In

particular, buffer groups having more write counts are allocated to VNets incur-

ring less write counts. This helps in balancing the number of writes and reducing

write variation. Note that inside a buffer group, static allocation policy is applied.

This detailed description of this work is given in Chapter 5.
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1.6.3 Power saving using Frequency Scaling and Power

Gating

Our next contribution attempts to improve the lifetime of NVM buffers by reducing

the number of writes in them and save energy by powering off some components. In

this work, we exploit the fact that buffers consume maximum power and attempt

to save power at the level of buffers. We keep the routers always powered-ON

to keep constant connectivity in the dark silicon. To save leakage power, in this

work, we propose five policies and investigate their impact on the performance.

The various proposals include power gating, frequency scaling, using hybrid buffers

and powering off some of them.

1.6.3.1 Gated Buffers of Dark Nodes: gBUF-DN

In the context of dark-silicon, most of the processing elements (PE) will be powered

off. In such a scenario, one needs to decide the status of the routers associated

with such powered off tiles from the energy consumption and connectivity aspect.

In order to save energy, most of the router buffers can be powered off and to

maintain connectivity, only a minimum number of buffers are kept powered on in

each VNet. Once the PE is turned on, all the router buffers are powered on.

1.6.3.2 Frequency scaling of SRAM based buffers: SRAM-FRQSCL

Frequency scaling is done for routers connected to powered-off PEs to save leakage

energy. Initially, the application runs with all routers at maximum frequency.

Subsequently, at regular intervals, the routers undergo frequency scaling if the PE

is off. Once the frequency is scaled, it remains so throughout the interval and can

be changed only at the end of the interval (if the PE is turned-on in the meantime).

For our experimental evaluation, we propose to reduce the frequency to half of the

maximum frequency.
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1.6.3.3 Selective power gating of Hybrid buffers: Hy-SEL-ON

The above two proposals use all SRAM based buffers (or VCs) and either power

gate buffers or reduce the frequency of the router to save power. In this policy,

a few SRAM based VCs are replaced with STT-RAM based VCs, as STT-RAM

has very little leakage. In this case, if the attached PE is powered-off, then all

the SRAM based VCs will be powered-off, and the traffic (which is expected to be

less) will be handled by the STT-RAM VCs. The procedure is invoked at regular

intervals, and the decision taken at the beginning of the interval is maintained

throughout the interval. A write variation aware VC allocation is done while

using STT-RAM VCs to improve the lifetime.

1.6.3.4 Selective power gating of Neighbouring Hybrid buffers: Hy-

NEIG-SEL-ON

For the routers that have PE powered-off, there is expected to be very less traffic

passing through them. This is also true for the connected ports of the immediate

neighbouring nodes. For instance, if the central router has powered-off PE, then

the VCs at input ports have STT-RAM VCs being used. As traffic coming to

these input ports from neighbours may also be less, we propose to save the leakage

of the neighbouring routers by making their output port VCs behave similar to

the input port VCs of the powered OFF node.

1.6.3.5 Prioritizing Critical Words in Hybrid buffers: Hy-CRIT-WRD

The idea of using STT-RAM buffers for routers associated with active nodes in-

creases network latency. This causes an increase in network latency over SRAM

based buffer designs. The delay, caused due to the usage of STT-RAM buffers, in

critical packets may impact the overall performance of the system. To send crit-

ical words faster, the policy Hy-CRIT-WRD uses SRAM based VCs for critical

words (or packets) even when there are only STT-RAM VCs active. At the time

of VC allocation, critical word (or packets) gets assigned to SRAM based VC. For
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the active routers, the SRAM VCs are already active; hence the critical packet

is allocated to it. Whereas for the routers with only STT-RAM VCs active, an

SRAM VC is woken up and kept active for a predefined number of cycles. This

reduces the network latency for the critical words (or packets), which improves

system performance for the critical word optimisation.

A more detailed description of this work is given in Chapter 5.

1.6.4 Write Reduction Techniques

The earlier contribution proposed wear levelling approaches to improve the lifetime

of NVM buffers. Lifetime depends on the number of writes incurred by the buffers.

If we reduce these writes, we can also improve lifetime. The first proposal is based

on compression, where the data is wrapped in a more compact way before it

is transmitted or stored. The second proposal is based on dirty data sent by the

cache during write-backs. The identification and transmission of only the modified

content within a cache block during write-backs can limit the writes in the network.

1.6.4.1 Zero-bytes based ENCOding: ZENCO

There is a considerable percentage of cache blocks that either has only zero bytes

or more than 50% of the bytes as zero. Removing these zero bytes from the cache

block (data packet) coming to NI will reduce packet size significantly, which will

result in lesser flits in a network. In this technique, zero bytes are taken into

consideration when performing the compression. If the zero words are identified

in the data packet, then it is not transmitted in the network. A binary array (say

isZeroVector) is maintained to keep the entry of each word of the uncompressed

data packet. The isZeroVector array is used at the decompressor to re-generate

the original compressed data packet.
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1.6.4.2 Dirty data based Selection of VC: DidaSel

In this work, a flit based write reduction technique is proposed to save the writes

in STT-RAM buffers, which is based on dirty flits present in data packets. Based

on our experiments, 70% of cache blocks that travel through the network are not

dirty. Limiting data-write packets to only dirty flits/words leads to lesser traffic

in the network and lesser writes in NVM buffers. This saves dynamic energy and

reduces the overall network latency of the packets.

The proposal uses hybrid buffers. When complete packets need to be sent over the

network, then SRMA buffers/VCs are used. When only dirty-flits of a packet are to

be sent, then these are candidates to be sent over STT-RAM VCs. The decision is

based on a threshold value. If the number of dirty flits is below the threshold, then

send using STT-RAM VC otherwise using SRAM VC. This reduces the number

of writes taking place in STT-RAM buffers, thus increasing their lifetime. In case

the chosen type of VC is not free, then the flits are sent via the first available VC

irrespective of its type.

The full description of this work is given in Chapter 6.

1.7 Summary

In the context of dark silicon, several components (cores/memory) are kept powered-

off to meet the thermal design constraints of the chip. NoC is the backbone of

communication for today’s chip multi-processors and also a significant contributor

to the power budget. The buffers made up of SRAM suffer from high leakage

power and occupy a large area on the wafer real-estate. Emerging Non-Volatile

Memory (NVM) technologies are an attractive alternative for NoC buffers due to

their low leakage power and high density. However, the major challenges with

the employment of the NVMs are costly write energy and latency and, the lower

lifetime because of the write variation and weak write endurance.
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In our first work, we deal with the low write endurance problem of NVM buffers.

Towards this, we proposed iso-capacity and iso-area-based VC allocation policies to

reduce write variation across buffers. Both these proposals perform VC allocation

to new packets based on their write counts, so as to evenly distribute the writes

across all VCs. All proposals reduce write variation to almost 0% resulting in

lifetime improvement in the range of 4-12 times for pure STT-RAM based VCs.

In the first contribution, the buffers are permanently assigned to form VCs. In

the next proposal, we go at a finer granularity to control write variation. This is

done by creating small groups of buffers and then assigning them to create VCs

and VNets depending on the write counts across the buffer groups. With reducing

write variation to almost 0%, we obtain a lifetime improvement in the range of 29

- 55 times over baseline STT-RAM design.

Our third contribution investigates avenues to reduce power consumption by selec-

tive power gating and frequency scaling. In the context of dark silicon, when most

of the processing elements (PE) are power gated, the NoC is expected to maintain

connectivity while saving energy. Our proposal of scaling frequency of buffers at-

tached to power gated PEs gives energy savings of around 4% with degradation in

packet latency by 8%. Using hybrid buffers at routers and using only STT-RAM

buffers when the PE is power gated constitutes our other proposals. These lead

to energy savings in the range of 43-45% with latency overheads in the range of

7-10 %.

The fourth contribution aims at reducing the number of writes happening in the

STT-RAM based buffers so that the lifetime can improve. This is achieved by com-

pressing packets with zero value content or by sending only dirty data flits instead

of complete data packets during write-back. Both these proposals get compres-

sion ratios in the range of 0.37 to 0.52. The reduced network traffic achieves 19%

dynamic energy savings with no impact of latency. The wear levelling variant of

these achieves a lifetime enhancement of 7-14 times.
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The thesis proposes ideas for better write management and proper VC allo-

cation to packets in the NVM based/hybrid buffers. These ideas can make

NVM as a better and reliable choice over SRAM to design the router buffers

in dark silicon setup.

1.8 Thesis Organization

The thesis is organised as follows.

• Chapter 2 discusses the background details of different NVM technologies

and motivations of our works. The prior literature works are also discussed

in this chapter.

• Write Variation aware wear levelling approach using Static buffer Assignment

to Virtual Channels is discussed in Chapter 3.

• Chapters 4 discusses the policies related to Dynamic Buffer Assignment to

Virtual Channels to improve the lifetime of Non-Volatile buffers.

• Investigation of Frequency Scaling, Non-Volatile, and Hybrid Memory Tech-

nologies for On-Chip Routers in the context of dark-silicon is presented in

Chapter 5.

• Write reduction techniques using zero bytes based compression and dirty

data-based compression are given in Chapter 6.

• Finally, conclusion and future directions are given in Chapter 7.

• Appendix reports the experimental setup of all the works proposed in this

thesis. This chapter discusses how the proposed methods are modelled (sim-

ulated) and compared with the other existing architectures.
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Chapter 2

Background

As mentioned in Chapter 1, NoC in modern CMPs consumes significant On-Chip

power and the router buffers contribute to a major portion of this power. The

leakage component of the power budget is significant in the router power compared

to the dynamic power, and the share of leakage increases with the scaling of

technology. Power dissipation is linked to an increase in chip temperature. To meet

the Thermal Design Power (TDP) budget for the CMP, dark silicon has emerged

as a promising paradigm. Here several of the components are powered down to

save leakage. In the presence of dark silicon, the processing cores are turned off

when not in use; however, the on-chip interconnect is expected to be available to

maintain connectivity. In other words, the routers connected to powered down

processing elements are kept on.

The main aim of this thesis is to design an energy and packet latency efficient

NoC router architecture by considering performance as a system-wide constraint.

Hence, before discussing state-of-the-art router designs developed over the decade,

we initially discuss some preliminary concepts/results regarding router micro-

architecture, relevant to our work.

21
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2.1 TCMP and Basic Router Architecture

The chip multiple processor setup used in this thesis is a Tiled chip-multiprocessor

(TCMPs). This has evolved as a scalable design for small-scale future CMPs. A

TCMP, shown in figure 2.1, consists of processing cores arranged in a mesh network

of nodes connected by an on-chip interconnect called the network on chip (NoC).

Each tile consists of a core, its private L1 instruction and data caches and a

slice/bank of shared last level L2 cache. The L2 cache banks in each tile together

form the Last Level Cache (LLC) arranged as a NUCA architecture.

Figure 2.2 depicts the micro-architecture of a general-purpose NoC router. For

flits coming at the input ports, Virtual Channel (VC) needs to be allocated. After

route computation, the flit goes through the VC allocation stage. Each port

uses wormhole routing and has multiple VCs per input port. Credit-based flow

control is used to avoid buffer overflow and also guarantees free buffer space at the

downstream input port. This also controls flit transmission and buffer overflow as

well as packet-loss. The buffers in NoC are very simple and mostly FIFO based

having say k number of entries. These buffers are managed using head and tail

pointers so that the flits do not need to traverse all the buffers before exiting. VCs
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are logically grouped under a virtual network (VNet). Packet/flit travels from

one router to another over one virtual network to avoid protocol-level deadlock.

VC allocator assigns the packet to a VC belonging to the appropriate class (i.e.

VNet), similar to the one of the downstream router. Within the VNet the VC

allocator looks for a free/available VC to be assigned to the packet. As the flits

are output, the VCs become available to be used by the subsequent packets.

The FIFO buffers at the ports of the router consume a significant share of area as

well as power of the router. For designing power-efficient routers, we can concen-

trate on the power consumed by these FIFO buffers. Next, we explore the available

memory technologies that can be used to manufacture these FIFO buffers.

2.2 Memory Technologies for Router Buffers

The key characteristics of an ideal memory technology are fast read/write opera-

tion, high density, reliability, low energy consumption and cost-effective. However,

there is no memory technology which fulfils all of the characteristics. The SRAM

memory is fast but at the same time suffers from high leakage power consumption.

It is also expensive and has high feature size (i.e. less dense). DRAM memory

technology is cheaper and denser than SRAM, but it is slower and unreliable. The

solid-state flash memory is reliable and denser than DRAM but has weak write

endurance and costly write operation.

Fortunately, router buffers can be designed using different memory technologies

that are fit as per the requirement. This enables us to allow the formation of the

system that gets the performance benefit from the use of faster technology, energy

benefit from the use of power-efficient components and cost advantage by using

the cheapest level technology for the hierarchy.
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2.2.1 Conventional Charge Based Memory Technology

There are NoC router buffers fabricated from SRAM memory technology. Some

of the prior studies [48] also exploits DRAM memory technology for the NoC

buffers. A detailed explanation of these conventional charge-based memories is

given below.

2.2.1.1 Static Random Access Memory (SRAM)

Figure 2.3 shows the schematic view of the SRAM cell. As can be seen from the

figure, the core of the SRAM cell contains four transistors, T1 to T4, which model

two cross-coupled inverters and are used to store the bit information. The stored

bit information in these transistors is represented in the form of two stable states,

0 and 1. These saved states are permanent until the power (Vdd) is applied. The

two additional transistors T5 and T6 are used for accessing the storage cell during

the read and the write operation. The read and write operation for the SRAM

cell are described below:

Read Operation: To access the state of a cell, the word access line WL is

enabled. This makes the stored stable states available for the read operation in

the lines BL and BL.

Write Operation: To perform a write in the cell, the BL and BL are first set

to the desired value, and afterwards, the line WL is raised.
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Other than the design perspectives, there are some other properties (that includes

pros and cons) in the SRAM which are important to discuss:

1. The access speed of the SRAM cell is very fast. In particular, as soon as the

WL is enabled, the stored stable state is available for the access.

2. The most common SRAM design requires six transistors, thereby it incurs

more area on the wafer real-estate and has a lower density than the other

memory technologies.

3. The SRAM cell requires a constant voltage supply to retain the data.

4. The SRAM cell is costlier in terms of cost/bit comparison.

2.2.1.2 Dynamic Random Access Memory (DRAM)

Figure 2.4 shows the representational view of the DRAM cell. The DRAM cell is

made up of a transistor and a capacitor. The state of the DRAM cell is stored in

the capacitor C as a charge. Transistor T is used to access the state. The read

and the write operation for the DRAM cell are described below:

Read Operation: To access the state of the DRAM cell, voltage is applied to

the access line AL. This makes either the current to flow on the data line DL,

based upon the charge stored in the capacitor. In case, if there is no charge, then

no current flows to the DL.

Write Operation: To write the cell, the DL is appropriately set to the desired

value. Afterwards, the voltage is applied to AL for the extended period, either

charging or draining the capacitor.

Because of the more straightforward structure of the DRAM cell, the feature size

and the cost of the DRAM is lesser than the SRAM. Despite these advantages,
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the capacity of a capacitor to retain the charge in the DRAM cell is shallow, and

it requires continuous refresh operation to hold the data correctly. Each refresh

operation requires extra time and energy.

The other properties of DRAM can be summarized as follows:

1. The cell structure of DRAM is simpler, and thus, it allows the high density

with low cost/bit comparison.

2. The access speed in the DRAM cell is slower compared to SRAM.

3. The refresh operations required to retain the data correctly makes DRAM

power hungry.

2.2.2 Emerging Non-Volatile Memory Technology

Nowadays, there are several emerging Non-Volatile Memories (NVM) that are un-

der research. One of state of art [6] lists 12 such NVM technologies: Spin Trans-

fer Torque Random Access Memory (STT-RAM), Phase Change Random Ac-

cess Memory (PCRAM), Resistive Random Access Memory (ReRAM), Ferroelec-

tric Random Access Memory (FeRAM), Nano Random Access Memory (NRAM),

Conductive-Bridging Random Access Memory (CBRAM), Single Electronic Mem-

ory (SEM), Polymer, Molecular, Racetrack, Holographic and Probe. From this

list, some of the memories have reached advanced development stages and are

commercially manufactured, and some are not yet mature.

In this dissertation, we limit our study to the STT-RAM, PCRAM, and ReRAM

as it is extensively studied and considered as a viable choice in the interconnect

buffers. In particular, we experiment using STT-RAM. These are also backed by

commercial industries [49, 50, 51, 52, 53].
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2.2.2.1 Spin Transfer Torque Random Access Memory (STT-RAM)

The representational view of the STT-RAM cell is shown in figure 2.5. The

STT-RAM cell consists of an access transistor and the Magnetic Tunnel Junc-

tion (MTJ) [54] [55]. The MTJ in the STT-RAM cell contains two ferromagnetic

layers viz. reference layer and free layer and, the thin insulating metal oxide layer.

The metal oxide layer in the MTJ is made up of MgO. The direction of the ref-

erence layer is fixed while the direction of the free layer is changed according to

the spin-polarized current. The direction of these ferromagnetic layers is used to

represent the data bit stored in the MTJ. The anti-parallel magnetization of ferro-

magnetic layers corresponds to ‘1’ state and the high resistance of the STT-RAM

cell. On the other hand, the parallel magnetization direction of ferromagnetic

layers represents the low resistance and ‘0’ state of STT-RAM cell.

Read operation in STT-RAM is performed by applying a small voltage differ-

ence between the lines (bit-line and source-line) and sensing the current across

the memory cell. The generated current is compared with the reference current

through sense amplifier, to detect ‘0’ and ‘1’ state stored in a memory cell. Writing

on the STT-RAM cell is performed by applying a large positive voltage difference

between the source line and bit-line for ‘0’ state and large negative voltage dif-

ference for ‘1’ state. The amplitude of current required to alter the direction of

two ferromagnetic layers depends on the write pulse duration and, size and aspect

ratio of MTJ.

Size of STT-RAM cell is 6-50 F 2 whereas SRAM cell size is 120-200 F 2. As a

result, STT-RAM bases buffers will save area of the NoC router. The read energy,

as well as read latency of STT-RAM, is comparable to that of SRAM; however,

the write latency and energy are relatively high. These can be reduced to a certain

extent by relaxing the non-volatility period [56] [57]. The read and write operation

for the STT-RAM cell are described below:

Read Operation: To access the state of the STT cell, the access transistor

of the cell is enabled and the small voltage difference is established between the

lines (source and bit line) (figure 2.5 (b) (2)). This effect causes the current to be
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generated across the memory cell, which is compared with the reference current

through the sense amplifier.

Write Operation: To write bit ‘0’, a large positive voltage difference is estab-

lished between the source and bit line (figure 2.5 (b) (2)). To write bit ‘1’, a large

negative voltage is established between the lines (figure 2.5 (b) (1)).

The other important characteristics of STT-RAM are summarized below:

1. STT-RAM attempts to accomplish better scalability by utilizing different

write mechanism based on spin polarization [58].

2. The STT-RAM cells have more density compared to SRAM but have lesser

density compared to DRAM [7].

3. Compared to PCRAM and ReRAM, the endurance of STT-RAM is excel-

lent. However, when employed in the router buffer, the endurance is still

considered to be less [8].

4. The write operation of STT-RAM is costlier compared to SRAM and DRAM [7].

Other than the design characteristics, the STT-RAM chip is commercially manu-

factured and available in the market. For instances, 4Gbit STT-RAM-based per-

pendicular MTJ at 90nm technology node is fabricated by Toshiba and SkHynix

incorporation [59]. Qualcomm and TDK-Headway built the 1Mbit STT at 40nm
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technology node [60]. Recently, Intel and Samsung fabricated 7.2M and 8M bit

STT at 22 and 28 nm technology nodes [61, 62] respectively.

In this thesis, the terms STT-RAM or STT are used interchangeably.

2.2.2.2 Phase Change Random Access Memory (PCRAM)

Currently, the most mature emerging NVM technology that is under research is

the Phase Change Random Access Memory (PCRAM) [63]. Figure 2.6 shows the

representational view of PCRAM cell. The PCRAM cell contains phase change

or chalcogenide material and an access transistor. The chalcogenide material is

generally made up of GST (Ge2Sb2Te5, or Germanium, Antimony and Tellurium)

and shows two different phases: Amorphous and Crystalline by the application of

heat. The high electrical resistivity characterizes amorphous phase and represents

the RESET state of the cell. On the other side, the crystalline phase is charac-

terized by low electrical resistivity and represents the SET state of the cell. The

read and write operation of the PCRAM cell are described below:

Read Operation: A cell state can be accessed by applying a small voltage

across GST. This impact makes the current to be generated as there is a wide

resistance gap exist between the amorphous and crystalline stage. The state of

the cell is identified by sensing the pass-through current with the help of access

transistor and the word-line controlling.

Write Operation: To SET the PCRAM cell, a long duration moderate power

pulse is applied that heats the GST above the crystalline temperature and makes
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the chalcogenide material crystalline. On the other side, to RESET the PCRAM

cell, a high power pulse is applied that heats the GST above the melting temper-

ature and makes the chalcogenide material amorphous.

The other important characteristics of PCRAM are as follows:

1. Due to the significant difference in resistance between the different phases of

GST, the PCRAM cell can be used to store the multi-bit information [9].

2. PCRAM is a scalable technology because as the feature density increases, it

needs less current for the operations [64].

3. The SET and RESET latency of the PCRAM is larger than the STT-RAM

and DRAM [8].

4. The endurance of PCRAM is bound to the limited number of writes. The

current write endurance value varies in the range of 104 writes to 109 writes [65].

The commercial industries focus on PCRAM as a replacement of flash memory

technology or to be used as the main memory. Different types of PCRAM chips

at different technology nodes are manufactured and fabricated. For example, at

the 90nm node, Samsung electronics built the 512 Mb PCRAM chip with 266

Mb/s bandwidth [66]. Later, Samsung fabricated the 8Gb PCRAM chip at 20 nm

technology with 40 Mb/s program bandwidth [67].

2.2.2.3 Resistive Random Access Memory (ReRAM)

ReRAM [68] is based on the memristor technology where the resistance change de-

pends upon the polarity, magnitude, and the duration of the applied voltage. Fig-

ure 2.7 shows the representational view of the ReRAM cell. The memristor-based

ReRAM cell consists of two platinum electrodes with titanium dioxide (TiO2)

metal/oxide interference switches having different oxygen vacancy concentrations.

Generally, the metal/oxide interference shows rectifying behaviour with low dop-

ing and ohmic behaviour with high doping [69]. In particular, the lower switch of
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perfect titanium dioxide (TiO2) is electrically insulating, and the upper switch,

which has a high having oxygen vacancy concentration (TiO2−x) is conductive.

The read and write operation of the ReRAM cell are described below:

Read Operation: To access the state of ReRAM cell, a small voltage is applied

across the bit lines. This effect causes the current to be generated that can be

sensed to detect the particular state of the cell.

Write Operation: To change the state of the cell, a large voltage is applied

across the bit lines. To change the state of the cell to OFF, a negative bias voltage

is used, which increases the thickness of TiO2, which in turn generates the insu-

lating and high resistance ion path. The opposite case is seen in case of positive

bias voltage for the ON state.

The other important properties of the ReRAM cell are as follows:

1. The ReRAM memory technology is less mature than the PCRAM and STT-

RAM memory technologies [70].

2. In terms of scalability, ReRAM is more efficient compared to STT-RAM and

PCRAM. The cell size of 10nm has been achieved, and in future, the cell

density of 4-5nm is predicted [10, 71].

3. The write endurance of ReRAM is limited to 105 to 1011 writes, which is

lesser than the STT-RAM and some of the prototypes of PCRAM [71, 8].
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The ReRAM technology is still not as mature as other emerging NVMs and is

currently under research. Recently, only Fujitsu and Panasonic are jointly working

on the second generation ReRAM device [72].

2.3 Challenges to Employ Emerging NVMs in

the Router Buffer

The previous section reported the design concepts, essential operations and fea-

tures of conventional charge-based memory and emerging NVMs. Table 2.1 shows

the comparative analysis between the current memory hierarchy technologies:

SRAM and DRAM and the emerging NVM technologies: STT-RAM, PCRAM,

and ReRAM. To draw the comparison, the following characteristics are used:

1. Cell Size: The cell size of the memory cell, measured in terms of feature

size (F 2).

2. Non-Volatile: This characters is used to explain whether the memory tech-

nology is non-volatile or not.

3. Endurance: It is the total number of write operations that the memory cell

can entertain before it eventually wears out.

4. Read Latency: It is the time consumed to perform a read operation in the

memory cell.

5. Write Latency: It is the time consumed to perform a write operation in

the memory cell.

6. Dynamic Energy: It is the energy spent during the read/write operation.

7. Static Energy: It is the energy consumed during the idleness of mem-

ory devices. This energy also includes the energy spent to retain the data

correctly.
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8. Maturity: This characteristic demonstrates that the current memory tech-

nology is in the early stage or later stage of development or it is commercially

available in the market.

9. Retention: It is the ability of a memory cell that how long it can hold the

data correctly without performing any refresh operation.

10. Multi-bit: It is the ability of a memory cell to keep the multi-bit informa-

tion.

Features SRAM EDRAM
MRAM

(STT-RAM)
PRAM ReRAM

Cell Size F2 120 − 200 60 − 100 6 − 50 4 − 12 4 − 10
Non-Volatility NO NO YES YES YES

Endurance 1016 1016 4×1012 108 − 109 105 − 1011

Read Latency <10 ns 10-60 ns <10 ns 48 ns <10 ns
Write Latency <10 ns 10-60 ns 12.5 ns 40-150 ns ∼10 ns

Dynamic Energy Low Medium
Low for Read
High for Write

Medium for Read
Very high for Write

Low for read
high for write

Static Energy High Medium Low Low Low

Maturity Product Product
Advance

Development
Advance

Development
Early

Development

Retention
As long as

voltage applied
<<second >10 yr >10 yr >10 yr

Multi bit 1 1 2 >2 >2

Table 2.1: Comparative analysis of different memory technologies [6, 7, 8, 9,
10]

As it can be observed from the comparative analysis that the NVM technologies

consume considerable write energy and latency, and suffer from weak write en-

durance. The challenges associated with NVM technologies when employed in the

router buffer are illustrated below.

2.3.1 Challenges related to Write Operation

The figure 2.8 reports comparative analysis of average packet latency in SRAM

and STT-RAM-based router buffers. To counter the costly write operations, re-

searchers make use of the concept of Hybrid cache and hybrid buffer based router

Architecture [1], which is described below. The term hybrid refers to a combina-

tion of SRAM and NVM memory technology, where some part of the storage is

manufactured using SRAM and remaining using NVM.
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Figure 2.8: SRAM vs STT-RAM latency graph for 4×4 mesh network (lower
is better).
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Figure 2.9: Hybrid Drowsy VC state diagram

Inside a hybrid structure, the main challenge is to place the right type of blocks in

the appropriate partitions. This is done in order to control the number of writes

incurred in the NVM portion. In [73], Ahn et al. propose a write intensity pre-

diction technique for the data block placement in a hybrid cache. The prediction

decision is made using the relation between the write intensity of the block and

the instruction that incurs the cache miss. In [74], the threshold for write intensity

is set dynamically based on the application characteristics. They use set sampling

to reduce the metadata storage needed for prediction.

There are few research works done on leveraging STT-RAM in on-chip intercon-

nects which reduce leakage power and area of a router. Zhan et al. [1] have replaced

conventional SRAM input buffer on-chip with a combination of drowsy SRAM

and STT-RAM buffer. They have proposed two hybrid buffer designs, Hierarchi-

cal Buffer and Banked Buffer, to reduce write latency of STT-RAM. Hierarchical

Buffer composes separate drowsy SRAM and STT-RAM virtual channels. These

VCs form multiple levels where the higher level VCs are made of SRAM buffers

and are used when traffic is high in the network. This will avoid costly writes to

the STT-RAM VCs. The proposal uses one SRAM VC that is always powered-on

and another SRAM VC that can be kept in low-power (drowsy) mode when not

in use. Additional STT-RAM based VCs are kept power gated in low traffic and
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are turned ON during medium to heavy network traffic. Figure 2.9 shows the

state transition diagram of the technique. Here, the first level (X) represents the

SRAM VC which is ON all the time (represented by 1). Whereas, the second level

(Y) represents the drowsy SRAM VC which will be ON and OFF based on traffic

load. Lastly, the last level (Z) shows the status of power gated STT-based VC.

Initially, when the traffic load is low, only the first level SRAM is active (state

100). When the traffic exceeds a certain threshold (say Th1), the second level (Y)

VC gets activated (state 110). On further increase in the traffic (say at Th2), the

third level STT gets activated (state 111). Note that the traffic is measured here

based on the buffer occupancy. In case, when the traffic reduces to medium load

from the high load (say at Th3), the second level (Y) get turned off as the wake-up

latency of STT is higher than the drowsy SRAM (state 101). On further reduction

in traffic (say at Th4), the STT-RAM VC gets power gated (state 110). To hide

the long latency of write accesses in STT-RAM VCs, the authors propose Banked

Buffer design. Here, each VC is logically interleaved with SRAM and STT-RAM

buffers but physically kept as separate banks. This design allows parallel access

to multiple banks which results in improved write latency than the prior design.

The authors also discuss how Banked Buffer design is beneficial in the case of a

traffic hot spot.

Jang et al., use hybrid buffers at the input ports and present a lazy migration

technique in [44], to hide the long write latency of STT-RAM. The hybrid de-

sign uses a combination of SRAM and STT-RAM buffers at the inputs port of

a router. The incoming flits are stored in the SRAM buffer first and then mi-

grated to STT-MRAM to hide STT-MRAM latency which results in increased

network throughput. Since every SRAM to STT-MRAM migration may result in

more energy consumption due to costly write operation of STT-MRAM buffers,

the technique does migration selectively based on traffic condition. To select flits

which go through migration, the technique compares network traffic with a pre-

defined threshold value. If the current traffic is more than the threshold, the

flit goes through lazy migration, and this helps to reduce the power consumption

significantly.
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A multi-bank STT-RAM based buffer design is proposed by Jang et.al. [75] for

low power On-Chip interconnects using STT-RAM technology. The proposed

design provides a large buffer space with very less power consumption. The design

uses a virtual channel with multiple banks to hide the multicycle writes of STT-

RAM buffers. The incoming flits are alternatively pipelined in the banks for

seamless packet transmission. To achieve a reduction in write latency and power

consumption, the authors reduce the retention time of STT-RAM design. The

design also proposes a cost-efficient dynamic buffer refresh to overcome flit loss due

to short retention time. The dynamic buffer refresh technique has very minimum

hardware overheads and tries to minimize unnecessary refreshes.

2.3.2 Challenges related to Weak Write Endurance

The write endurance of the STT buffer is defined as the total number of writes

that a memory cell can handle before it breaks down. If a memory cell gets written

more often than others, it wears out faster than other memory cells. This memory

cell will have a lesser lifetime than memory cells with a lesser number of writes.

Hence, the lifetime of STT buffers is a major design concern. There are few

methods to improve the STT (NVM) lifetime, such as, write reduction technique,

wear-levelling technique, and error-recovery methods. This thesis focuses on write

reduction and wear-levelling techniques only and does not use any error recovery

methods.

In the on-chip network, every VC in a VNet has different numbers of writes. For

instance, the control VCs experiences a lesser number of writes as compared to

the response VCs. With a different number of writes in the VCs, there is a good

possibility that the writes are distributed unevenly inside the VNet, which in turn

generates write variation. Similar to cache architectures [76], we classify write

variation into two categories:

1. Intra-VNet Write Variation: The Intra-VNet write variation is caused

due to the uneven write distribution across the VCs within a VNet. In
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Figure 2.10: Write variation in STT-RAM baseline with 16 core, 4×4 mesh
network (lower is better).

particular, some of the VCs inside the VNet incur a large number of writes

as compared to others. The figure 2.10 shows the percentage of Intra-VNet

write variation in control, response and data VNets. As can be seen from

the figure, there is a non-uniform write distribution across the VCs. Such

uneven distribution of writes results into faster wearing out of heavily written

buffers compared to the lightly written ones.

2. Inter-VNet Write Variation: The Inter-VNet write variation occurs due

to different type and size of packets for different VNets. This generates an

uneven distribution of writes across VNets. Figure 2.10 reports the existence

of Inter-VNet write variation at the input port. As can be seen from the

figure, there is a variable write count among the different input port buffers

of a router. Such non-uniform write distribution leads to the early breakage

of heavily written VCs as compared to lightly VCs within the same VNet.

To quantify the two write variations: Inter and Intra-VNet mentioned above, we

define the coefficients as given in equations 2.1 and 2.3. (i) Inter V ar: measures

the average coefficient of write variation across the VNets (ii) Intra V ar: measures

the average coefficient of variation inside a VNet. Note that the proposed policies

do not require computation of Inter-VNet or Intra-VNet. We use them only to

characterize the write-variation present in baseline allocation policy, and we use

it for the evaluation of the proposed policies.

Let N be the number of routers, I number of input ports per router, V number

of the virtual network at each input port and A number of virtual channel in

each virtual network. Also, Wj denotes an average number of writes in all virtual
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channel of virtual network j and wja denotes the number of writes in virtual

channel a of VNet j.

We adopt the definition and define the coefficient of intra-VNet write variation

across the VCs in a given VNet, j, as follows:

Intra V arj =
100

Wj

√√√√ A∑
a=1

(wja −
∑A

k=1 wjk/A)
2

A− 1
(2.1)

The average variation for each virtual network across all routers for each input

port will be defined as:

Intra Avgj =

∑N
n=1

∑I
i=1 Intra V arj
N ∗ I

(2.2)

To calculate the write variation across VNets we can compute the write variation

across buffer groups. Inter-buffer group write variation at input port i is defined

as follows:

Inter V ari =
100

Bi

√√√√ G∑
g=1

(big −
∑G

k=1 bik/G)
2

G− 1
(2.3)

Here, G is the number of buffer groups at input port, Bi denotes an average

number of writes in all buffer groups at input port i and big denotes the number

of writes in buffer group g at input port i. The average variation for each input

port across all routers will be defined as:

Inter Avgi =

∑N
n=1 Inter V ari

N
(2.4)

Along with the weak write endurance, in the actual execution environment, the

lifetime of the NVM memory is further affected by these two write variations, as

mentioned above. The lifetime of the VC is defined as follows:
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Lifetime: The lifetime of the VC can be defined either as raw lifetime or error-

tolerant lifetime [76]. The raw lifetime is determined by the first failure of the

VC. Whereas, the error-tolerant lifetime is measured with the raw lifetime and

the error recovery methods.

In this dissertation, we have used raw lifetime, which is the basis of an error-

tolerant lifetime.

The raw lifetime of a buffer with respect to write variation and write count is

determined by two methods:

1. With respect to write counts, the lifetime is defined (eq. 2.5a) as the inverse

of the maximum write counts on the virtual channel [77]. To calculate the

lifetime improvement of proposed policy w.r.t. the baseline policy, we define

lifetime improvement as given in equation 2.5b.

L =
1

∀Nn=1∀Ii=1∀Vj=1∀Aa=1max(wj,a)
(2.5a)

LI =
Lbase
Lpp

(2.5b)

Here, Lbase and Lpp represent the lifetime for baseline and proposed policies,

respectively.

2. We have used above equation to calculate lifetime improvement in proposed

policies over baseline. Now, we establish the relation of write variations

with approximated lifetime improvement [76]. In terms of write variation,

the lifetime improvement is calculated by considering the three factors: (i)

the coefficient of Intra-VNet write variation (ii) the coefficient of Inter-VNet

write variation and (iii) average write count in a VNet.
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LI =
Wavg base ∗ (1 + Inter V arbase + Intra V arbase)

Wavg pp ∗ (1 + Inter V arpp + Intra V arpp)
− 1 (2.6)

In the above equation, the Wavg base and Wavg pp are the average write count

in baseline policy and proposed policy respectively.

2.3.2.1 Improving the lifetime and the endurance of Non-Volatile buffer

Another challenge with the employment of NVM as an on-chip router buffer is the

weak write endurance. In a real-time application, low endurance affects the life-

time of the NVM buffers. Additionally, the lifetime of an NVM buffer is affected

by unwanted system-generated write variation (categorized as an Intra and Inter

VNet write variation as reported in section 2.3.2). To improve the lifetime and to

mitigate the unwanted write variation, there have been several research contribu-

tions [76, 73, 78, 79, 80] related to wear-levelling in STT-RAM based caches. Not

much work is done in this domain for NVM based NoC router buffers.

Here we discuss some techniques used for intra-set wear levelling in caches. In

i2wap [76], Wang et al. proposed an intra-set wear levelling technique to increase

the lifetime of NVM based cache. The policy invalidates a cache block after a

fixed number of writes determined by the Flush Threshold (FT). A counter is

associated with cache bank, and this counter is incremented after every write

to the bank. A probabilistic method is used to select a block for invalidation

rather than a deterministic approach. The replacement policy chooses a write-

intensive data (hot data) inside the cache set as a victim. In case this is a hot-

block then on its access it will get placed in a different location in the cache set,

which will perform the wear levelling. Another technique, EqualChance [77] by

Mittal et al., uses a counter with every cache set. The counter is incremented

with each write to the cache set. If the counter reaches a threshold, the block is

transferred to an invalid cache line in the cache set, and the counter is reset. In

LastingNVCache [78] presented by Mittal et al. associates a 4-bit counter with

each cache block to maintain the number of writes received by the block in a single
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generation. If the counter reaches a threshold, the write operation is left, and the

block is invalidated without updating the replacement information. In another

technique, WriteSmoothing [79], the cache is partitioned into multiple modules

of the equal number of cache sets. Here, the write variation inside the module

is reduced by transferring the data from hot sub-ways to cold sub-ways within

the module. In ENVLIVE [80], additional small storage, called HotStore, made

of SRAM is used to store the write-intensive cache blocks. Only the blocks with

more number of writes will be eligible for the placement in the HotStore.

Some contributions related to inter-set wear levelling for caches appear in [81, 82].

A grouped access intra-set swapping is proposed in [81]. The method changes the

cache set mapping between the heavily and lightly written set of the group with

the help of the counters. This way the heavily written set will incur lesser writes in

the next interval and the lightly written set in the current interval will take a load

of more writes in the next interval, resulting in wear levelling across cache sets.

In [82], Soltani et al. proposed to partitions the cache into multiple clusters. The

mapping for the clusters is changed during the execution using the write intensity,

mapping history, and the number of clean/invalid blocks. The mapping ensures

that the writes get distributed evenly across clusters resulting in inter-set wear

levelling.

In the context of NoC buffers, [83] proposes the use of hybrid buffers. As STT-

RAM is denser than SRAM, the paper uses four times the number of buffers than

SRAM while replacing certain SRMA buffers. This gives more number of buffers

that are used in a pipelined manner to overcome the writing latency. To mitigate

the write latency further, the work uses conservative programming conditions and

at the cost of reduced retention time and reduced non-volatility. This, however,

leads to unreliable device behaviour. To take care of these stochastic switching

effects of STT-RAM an efficient error control and coding scheme is proposed.
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2.4 Router power saving approaches

This thesis proposes to reduce the energy consumption of NoC routers by employ-

ing pure and/or hybrid memory based buffers at the IO ports. With a similar

aim of energy efficiency, several researchers have contributed by proposing novel

design architectures of the NoC routers. These include proposals for bypassing

the router pipeline, scaling the frequency of the routers, using multiple planes of

NoC links, power gating the routers when not in use, etc. The decisions to use

the alternatives are mainly based on the dynamic network traffic conditions. This

section explores all such existing approaches.

2.4.1 Pipeline Bypassing

Boyapati et. al. [84] proposed a distributed power gating method by modifying ba-

sic router architecture. The router has basic components, and Fly-Over (FLOV)

link to bypass packets when attached cores to the router are powered down by

OS. The incoming packets to these routers do not go through router pipeline

stages; rather, it travels through FLOV link without making any turn. A Hand-

Shake Control logic (HSC) block is introduced, connecting to all the neighbouring

routers, which implements the handshake protocol between adjacent routers re-

quired before power-gating a router. Two sets of Power State Registers (PSRs)

hold the power states of the immediate neighbour routers and the nearest powered-

on routers (logical neighbours) in each direction. When a core goes down, the

attached router waits for the packets coming/going from/to the core for a certain

number of cycles. If there are no packets, the router sends a signal to its neigh-

bours indicating its Draining state. During this state, no neighbouring routers

can transmit new packets but can complete current packet delivery. Once all the

buffers are empty, the router informs its neighbours about its power gating state

and neighbouring routers establish a connection via FLOV link of a power-gated

router using Hand Shake Controller (HSC) and associated protocol. A power
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gated router becomes active when its core becomes active, or a packet comes to

the router for the attached core.

Hossein et. al. presented a pivot based power-gating technique, Sponge [85], to

save leakage power consumption of routers. A predefined column of routers (called

pivot) in the centre of the mesh network is kept powered-on. The routers are

architecturally modified and have bypass links which are used for packet traversal

when the router is in the power-off state. These power gated routers are not

woken-up for travelling straight. Any injected or ejected packets, and turning

packets are forced to take a turn at the boundary pivot column. The routers

of the adjacent column of the pivot are kept shutdown unless traffic exceeds the

predefined threshold. When there is high traffic in network, the adjacent column

routers gets activated, increasing the column width of the pivot and are kept

active for a predefined number of cycles. In Sponge, even if a single router exceeds

threshold traffic, an entire column of routers get activated. Whereas, to shut

down, a column of routers all the routers in the column should have traffic below

the threshold. Similar to FLOV, a flit takes a turn at the active router or at pivot

in the worst case.

Ejaz et. al. proposed a Dual Data Rate (DDR) NoC router architecture composed

of router’s DDR data path to increase network throughput [86]. DDRNoC utilizes

the benefit of the faster data path in the router and allows two flits to share the

same data path in a cycle for both clock edges. In a router, DDR mode is enabled

for a data path stage, switch traversal and link traversal, when more than one

packets are competing for it. Also, the data path operates on DDR mode for two

flits belonging to the same packet. In all other cases, the data path operates in

single data rate. Despite the improved network throughput, DDRNoC has high

packet latency. DDRNoC supports about 25% higher throughput than Short-

Path [87] but has about 50% higher packet latency To solve the above issue, the

authors proposed a pipeline bypassing method, Freeway-NoC [88], which uses DDR

data path and improves performance caused by data path delays. FreewayNoC

restricts pipeline bypassing to the flits which only go straight in the router to
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preserve throughput. These flits directly traverse the switch and link without un-

dergoing allocation stage if the destined output port is free. Freeway-NoC exploits

look-ahead signalling mechanism which uses a virtual channel selection mechanism

at the output ports instead of VC allocation to accommodate pipeline bypassing

and check on next-route computation. Unlike DDR-NoC, FreewayNoC does not

add any complexity to routers data path preserving the DDR packet rate, while

reducing packet latency.

Muffin [89] proposed by Farrokhbakt et al. is a coarse-grained power gating scheme

that aims to minimize the power and delay overhead of power gated router. Here,

by using some extra buffers and employing the bypassing mechanism, the power

gating period increases. In order to facilitate this process, an extra five flits sized

buffer, a small logic, and a light-weight power gating controller are added. To do

that, two types of the buffers Bypass and interject. Based on the type: straight,

inject, eject and turn off the packet routes and using multiplexing logic, different

buffer(s) are employed at each port of the router without needing to power ON

the router. Additionally, a priority mechanism is also employed to schedule the

shared buffers and multiplexing logic for each type of route packets. High priority

is given to the straight route packet than the turn and inject packet.

TooT [90] proposed by Farrokhbakht et al. is a scalable and effective pipeline

bypassing method which reduces the latency overhead and energy consumption of

power gating techniques. TooT is based on the observation that mostly a router is

woken-up due to the arrival of a straight packet (packets which do not take a turn

from the router). TooT aims to minimize the number of wake-ups by providing a

bypass path for straight packets. The routers are augmented with a bypass path

and one-flit input buffers to facilitate pipeline bypassing for straight packets. To

implement this, it uses free-to-forward signals which are used to communicate with

neighbours on the state of the bypass latch.

Power gating routers saves power, but consume wake-up latency that may hamper

performance. To mitigate this wake-up latency, in certain cases a bypass path

may be useful. A technique that decouples power gating with bypass is proposed
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in NoRD [91]. The bypass is achieved by forming a unidirectional ring in the

network by connecting the input and output ports of all nodes through two-level

coordination. For packets injected and ejected via local ports, there is additional

data-path connecting to the bypass ring. NoRD ensures deadlock and livelock free

adaptive routing and saves leakage energy.

Another technique has pipeline bypassing. However, the objective here is not to use

bypass route when the router is power gated, but to use bypassing depending on

the traffic rate in order to optimize the packet latency. The design ShortPath [87]

by Psarras et. al., proposes a non-speculative dynamic pipeline-stage bypassing

technique to reduce flit latency in the network. The design guarantees that each flit

will spend the minimum number of cycles in each router for low or high network

load. When a head flit arrives both the stages of VC allocation is performed

in parallel with the help of VC Request Queue (VCRQ) introduced in ShortPath.

Further, the switch allocation (SA) stage is performed, and the request is enqueued

in the SA Request Queue. ShortPath allows fine-grained pipeline partitioning of

the allocation tasks and enables an always-productive pipeline-stage bypassing.

This dynamic pipeline-stage bypassing technique is collapsible; hence a flit may

traverse a single, two or three-stage pipeline in the router. The worst case pipeline

depth, traversed by any flit, is all the three-stages of the router.

Some recent methods allow packets to bypass not a single router but across mul-

tiple routers. Krishna et.al. presented a Single-cycle Multihop Asynchronous

Repeated Traversal, SMART [92], NoC design. They propose to embed repeaters

within each router’s crossbar so that the signals can travel up to multiple hops. In

SMART’s flow-control mechanism, an arbitrary multi-hop path is set and traversed

in a single cycle. The flits are buffered in the start router, and the single-cycle

multi-hop path begins from this router. The Switch Allocation (SA) in SMART

router happens in two stages, switch allocation Local (SA-L) and switch allocation

Global (SA-G). An SA-L is selected for each output port from its buffered (local)

flits. Once the winner is chosen, in the next cycle, the output port winners broad-

cast a Smart-hop setup request (SSR) up to a predefined number (k) of hops from

that output port. In the SA-G stage, all intermediate routers arbitrate among the
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received SSRs. This guarantees that only one flit that wins both SA-L and SA-G

gets access to the output port. In the next cycle, a single-cycle multi-hop bypass

path gets set up (from current router to next kth hop), and the flit gets latched

into the kth hop. In the case of multiple SSRs, a priority mechanism based on

locality or bypass is applied to avoid SSR conflict. In the locality based approach,

local flits get priority over bypass flits. In bypass based approach, bypass flits

get priority, where the flits from the furthest router are considered to have more

priority over flits from nearer routers.

SMART++ [93] is another multi-hop traversal design proposed by Perez et al..

It combines SMART bypass [94], multi-packet buffers, Non-Empty Buffer By-

pass (NEBB) [95] and per-packet allocation using grant-and-hold circuits. The

technique relies on a more aggressive VC reallocation policy and supports the

bypass of buffers even when they are not completely free. SMART bypass [94]

supports flits to cross multiple routers in a single cycle. Whereas, SMART++

supports multi-hop bypass irrespective of inter-router buffer empty/non-empty

status. SMART++ introduces three improvements over SMART: multi-packet

buffers, Non-Empty Buffer Bypass, and packet by packet arbitration. It allows

more than one packet to be held in a router buffer (with a buffer size of the largest

packet in the network). NEBB [95] is a bypass policy that utilizes the bypass

by removing empty buffer limitation. The NEBB allows bypassing a non-empty

buffer without advancing packet to the output port.

Bypass paths can also be used to increase performance, reliability and low-cost

fault-tolerant design. A pipeline bypass mechanism for a 2-stage router is proposed

by Wang et al. [96] to achieve faulty tolerance. To provide a fault-tolerant route

computation, look-ahead routing with an extra stage in a downstream router,

to compute output port, is used. For fault-tolerant Virtual Channel Allocation,

a register is added as a bypass path for input VC arbiter. When the arbiter is

faulty, the output VC in the register is selected as the default winner. In the 2-stage

router, there are two parallel switch allocators, non-speculative and speculative.

If the switch allocator handling non-speculative requests is faulty, the arbiter is

selected from another switch allocator to process the non-speculative requests.
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In the next cycle, the flits enter in speculative switch allocation stage and get

processed successfully. If the crossbar is faulty, no flit will be transferred to the

downstream router. To solve the fault issue in the crossbar, Wang et al. proposes

to use two bypass buses in the router for flits to cross the faulty crossbar. A bypass

bus is used for flit traversal in x-dimension or the local router, and it connects all

output ports. The other bypass bus is used to connect all the output ports in the

y-dimension. In most cases, there are no conflicts between these two bypass buses

and the flits can be processed parallel under a heavy workload.

Noghondar et al proposes a priority-based mechanism to reduce latency using

priority in bypass-based NoC. The input ports have predefined priorities associated

with them, and the arbiter allocates output port based on the input port priorities.

The priorities of the input port can be decided dynamically or statically. In the

dynamic approach, the priority is based on the port injection rate in each cycle,

and the router determines the injection rate and priority. Whereas in the static

approach, the priorities are fixed. The priority-based allocation may result in a

starvation problem. To solve this, there is a counter associated with each input

port which is incremented. Here, after a fixed number of cycles and depending on

the value of the counter, an input port gets access to an output port regardless

of its priority. The bypass flits traverse routers through the bypass path so that

the number of hops is decreased. Hence, by using a bypass path with priority, the

number of hops counts can be decreased significantly.

Similar to these, other research contributions, based on router pipeline bypassing

are available in the literature [97, 98, 99]. All the works mentioned above show

significant improvement in power saving. However, it is to be noted that pipeline

bypassing is effective during low traffic loads, where simple and deterministic rout-

ing algorithms are sufficient.
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2.4.2 Frequency Scaling techniques

The voltage-frequency scaling approach increases or decreases the frequency of the

router or its components based on the high or low traffic at the router. The traffic

is calculated using buffer occupancy or link utilization. This kind of approach is

mainly done to reduce static power consumption, dynamic power consumption or

both.

To implement voltage scaling, we can have multiple resources in the network and

scale control their individual voltage/frequencies. A proposal dark-NOC [100]

by Bokhari et al., uses an NoC architecture, having multiple layers of identical

and physically different routers. Each layer is optimized for a particular voltage-

frequency range. At a time, only one layer is active, and other layers are kept

dark. The authors have also given architectural support for seamless integration

of multiple network layers and a fast inter-layer switching mechanism without

dropping in-network packets.

Another proposal scales the voltage of the links instead of the complete router.

Shang et al. [101] proposed a history-based dynamic voltage scaling with links

which is a significant consumer of power when bandwidth increases. The proposed

idea reduces link dynamic energy consumption under low link utilization using link

frequency and voltage scaling. The frequency and voltage of the links are adjusted

based on past utilization. Soteriou et al. [102] proposed a self-regulating power-

aware interconnection network that turns the links on or off in response to high and

low traffic in a distributed fashion. The network load is distributed using adaptive

routing where the proposal adapts dynamically to variations in network traffic. It

was noted in [103] that dynamic link voltage scaling gives better performance when

the demand on the network grows. The paper observed that the network with all

links set to the same voltage level with adaptive routing to distribute the load,

outperforms the network having links that dynamically scale the voltage to reduce

power consumption. Adaptive routing responds more quickly to network demand

changes. However, adaptive routing with static link voltages also outperforms, in

many cases, when adaptive routing is used with dynamic link voltages method.
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Voltage frequency scaling at the VC-level is proposed in [104] by Matsutani et

al., that results in reducing the switching power of on-chip networks keeping the

leakage power consumption small. The proposal uses runtime power gating to

individual virtual channels to reduce leakage power.

The work [105] reduces link dynamic energy consumption under low link utilization

using link frequency and voltage scaling. The frequency and voltage of the links

are dynamically adjusted based on past utilization. The idea is augmented with

fly-over and decouple the router frequency from the link frequency. This enables

packets to travel via wires only and get buffered only when necessary.

The decision to scale the router frequency can be based on a variety of metrics.

The main one being the network traffic. It would good to know the traffic load

beforehand so that the frequency scaling can be done in advance. In [106], Hesse

et al., utilize the highly predictable properties of cache-coherence communication

to derive more specific and reliable NoC traffic predictions. The Voltage and fre-

quency level of upstream and current routers are adjusted based on the prediction.

The approach employs application characteristics and not purely network-related

metrics. The application behaviour is used to predict DVFS relevant properties of

NoC traffic. This results in a reduction of voltage/frequency mispredictions and

leads to more power-efficient NoC implementation without reducing application

throughput.

Routers running at different voltage and frequencies are useful for NoC in the dark

silicon setting. Each router is designed to run at a predefined VF setting. Mal-

leable NoC [107], is such a proposal. Based on the number of memory controllers,

the cores on the chip are logically divided, and memory islands are formed. The

applications are allocated to each memory island in round-robin order and mapped

based on the L1 miss per kilo instructions (MPKI) and the distance of the core

from the memory controller. Each island can be operated at a different VF setting

make optimal energy consumption.
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Similar to these, other research contributions, based on router frequency and volt-

age scaling are available in the literature [108, 109, 110, 111, 112, 113, 114, 115,

116, 117].

2.4.3 Power Gating

Soteriou et al. propose a component-based power gating technique that power

gates components such as ports and links [102]. The power gating of these com-

ponents is done in response to network traffic condition.

In [118], Matsutani proposed a technique where the power supply of each router

components can be controlled individually. The components which are not trans-

ferring packets are power gated which results in a significant amount of leakage

power reduction. However, power gating each component increases communication

latency since a significant number of cycles are needed to wake up any component

when a packet arrives. This results in performance degradation. In order to en-

hance performance, they proposed early wake-up methods where a packet arrival

is detected, and the corresponding component is activated. In the first method,

the current router uses two hops look-ahead routing and activates the next hop im-

mediately after the route computation is done. This can save one router pipeline

cycles length worth of wake-up latency. The proposal uses a separate wake-up

control network to send the early wake-up signals. In order to control the first hop

wake-up latency, network interface triggers the activation of first and second hop

routers.

Another non-blocking power gating scheme, Power Punch [119], proposed by Chen

et al. allows obscuring the costly power gated router wake-up latency by sending

the wake-up signal three-hops in-advance. However, to facilitate this process, a

separate wire is needed between every router pair (that is three hops away) for

sending the wake-up signals. This overhead can be minimized by incorporating

encoding of wires for the wake-up signals.
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In the dark silicon scenario, network power gating is done by fine-grained topolog-

ical sprinting by Zhan et.al. [120]. In core-sprinting, when a burst of computation

arrives, a number of cores get activated and run for a short period of time. In

irregular topological sprinting, there is only one core kept active, called the mas-

ter core. The placement of the master may depend on the delay in transmission

latency for thread migration. The core which runs the OS (since it is always

activated) or the core next to the memory controller can be a good choice for

the applications with intensive memory accesses. For efficient core-sprinting, an

equally efficient low power sprinting interconnect is needed. In [120], authors pro-

pose a flexible sprint policy which activates a subset of network components to

connect a certain number of cores for different workloads. A deadlock-free routing

along with short communication delay between master and other nodes is required

to run an efficient core-sprinting. The topological sprinting activates a subset of

routers, and the rest of the network is kept in the power-gate state to save leakage

power consumption.

Samih et.al. propose an interconnect power management approach called Router

Parking to save leakage power in on-chip network [3, 121]. The main idea is to

power-gate (park) routers attached to dark/sleeping cores. However, power gating

such routers may lead to the partitioning of the network, and this can lead to

network discontinuity. To solve this issue, Router Parking has three methods:

Aggressive Router Parking, Conservative Router Parking and Adaptive Router

Parking, which maintain network connectivity and deals with the trade-off between

power and performance. (i) In Aggressive router parking, all the routers attached

to sleeping cores are kept power-gated. It uses a strongly connected component

algorithm discussed in [122] to identify the number of connected components in

the network. Once the partition is detected, a minimum number of routers are

activated to connect the network. This approach may lead to the detour of packets

which results in unexpected packet latency during high network load. (ii) The

Conservative router parking method parks fewer routers to minimize the impact

of packet latency. Here, a router will be parked only if none of its direct or indirect

routers are active. (iii) The adaptive router parking approach selects between
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aggressive, conservative or no router parking based on run time utilization of

the interconnect. The policy selects two thresholds Min and Max. If the network

utilization is less than Min then aggressive router parking gives maximum savings.

If the utilization is more than Max there is no router parking selected and all

routers are kept active. When the utilization is between these two thresholds, the

selection of conservative router parking gives better latency performance.

Recent works done on router power gating methods show that the idleness of the

routers is distributed across its components and that the routers as a whole do not

provide enough idle time for efficient power-gating [123]. Therefore power gating

at the more finer granularity, such as virtual channels (VC), are more relevant

candidates since they can enjoy continuous idle periods and low utilization [124,

104, 125].

Mirhosseini et.al. [126] propose an energy-efficient virtual channel power gating

mechanism which dynamically adjusts the number of available virtual channels

depending on the network traffic, thus achieving maximum leakage energy savings

without affecting the performance during high traffic load. Unlike [104], this policy

uses the ratio of the number of wins to the number of loses of VC allocation

requests at each port, as a power gate metric for the VCs. To implement this, it

uses two counters: one to record the wins and second to record the loses, at each

out port. To decide whether to power-gate or to power-on a VC, the counter values

are checked against the thresholds. The routers are divided into three categories,

hot, warm and cold, based on link utilization. Each category of the router has a

different pair of threshold to power-gate and power-on the VCs. Hence, the cold

routers have a smaller threshold, and hot routers have large threshold values.

Partial power gating scheme for a bidirectional network is proposed by Wang

et.al. [127]. The design uses direction-slicing that divides the router into two

slices based on the directions in the topology (input or output direction) where

each slice has a unidirectional channel in every dimension. For example, in a

2D mesh network, all East Out channels of even rows, West In channels of odd

rows, South In channels of even columns, North Out channels of odd columns,
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and Local channels are always kept ON to form the ever-on subnet. The other

remaining channels, belonging to gated slice are power gated to save leakage power

consumption. To utilize the direction-sliced power-gating, the router is divided

into two power zones across channels, and corresponding VC buffers, crossbars,

and output latches. Due to the circular dependency in the ever-on sub-network,

there is a chance of deadlock occurrence for which the design introduces a deadlock

recovery scheme. The partially ON routers forbid access to certain ports; hence

the design introduces improved routing algorithm which handles both the cases:

(i) routing packets on the ever-on subnet when the gated slice is powered-off and

(ii) utilizing all ports when the sliced router is fully on.

Liam et.al. proposed a new router architecture, DimRouter [128], which supports

three modes: normal, dim and dark. A normal mode router has all the compo-

nents in active state; whereas the dark router is fully power-gated and non of its

components are active. The dim routers are kept into a near-zero power state by

deactivating majority of its power-consuming components and maintains necessary

connectivity in the network. The router modes are selected based on the status of

the associated core/processing element. If a router is attached to an active core,

the router will be kept in active mode. If the attached core to the router is in an

inactive state, the router goes to dark mode. If some routers in normal modes

are disconnected, then a minimum number of routers are kept in dim mode to

maintain connectivity in the on-chip network.

For power gated routers, if there are alternatives paths available, then it does not

hamper network performance. Alternate bypass paths can be established using

various design alternatives. One such method is to have additional virtual chan-

nels. Wang et.al. propose an Express Virtual Channel-based (EVC-based) [129]

power gating technique. In this technique, there are predefined multiple virtual

bypass paths between source and sink routers in each direction. The sink router

(of the virtual bypass path) has additional buffers to hold incoming packets on the

path. The packets can take these virtual bypass paths to bypass power-gated or

power-on routers. The technique modifies the router structure and the modified

router has a power-gate control unit, handshake control unit and EVC control
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units at the sink and source routers. This supports (i) transmission of packets via

normal path even is those routers are power gated, (ii) This also enables packets

to avoid powered-off routers even if it does not take a virtual path. To bypass

the routers, it is necessary for packets to take EVC path; hence the routers al-

ways try to send packets via virtual bypass path if available. This reduces power

consumption even with high network traffic.

Another approach to bypass packets is to use bypass path when the router is

power gated and in case of the traffic increases, the router can be powered-on.

Zheng et.al. propose such energy and performance efficient power-gating router

architecture, EZ-Pass [130], which hides large wake-up latency with significant

leakage energy saving. The EZ-Pass router consists of an EZ-Pass switch (i.e.

bypass route) to transmit packets under medium to low traffic load without the

packets going through all the pipeline stages as in the conventional router. For

the power gated router, the policy uses the EZ-Pass route to send the first flit.

If there are more incoming flits during the processing of the first flit, then router

gets activated.

The technique discussed in [131] uses a Duty Buffer based fine-grained power-

gating scheme to reduce the leakage power consumption of the VCs in the routers.

While the VCs are power gated, any incoming flit is written in the duty buffer,

and the process of waking up the VC is started. The flit order in the buffer is

maintained to keep the transmission order correct. Also, to avoid any protocol

level deadlock, the order of packets are maintained across all packet classes (i.e.

VNets). The usage of duty buffer saves leakage power consumption that would

be consumed by the powered-on VCs during low network load. It also reduces

latency caused by VC wake-up upon flit arrival.

Most of the NoC power gating methods rely heavily on network traffic. In order to

benefit from power gating, an adequate idle period (namely, “break-even time”)

of routers should be guaranteed to make sure they are not frequently woken up

and gated off. Also, most of these techniques do not account for the underlying

core/application status and might result in sub-optimal power gating decisions as
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these are based on only network traffic. Therefore such methods achieve power

reduction at the price of some (often considerable) performance loss.

2.4.3.1 Power-Gating Vs NVM

There are a few NoC based techniques proposed which use NVM based router

buffers1. In [1], authors compared proposed policies, hierarchical buffer (HB) and

banked buffer (BB), with All SRAM PG, All SRAM PG LA [132] and NoRD [91]

with baseline, All SRAM, design. All SRAM PG and All SRAM PG LA use pure

SRAM based buffers and power gates it when not in use. All SRAM PG power

gates all buffers incur 5.82% of energy overhead due to frequent router wake-

up; whereas, All SRAM PG LA and NoRD show energy reduction of 11.9% and

16.4%, respectively. The proposed policies use hybrid buffers (Drowsy-SRAM and

STT-RAM) and activate STT-RAM VCs at high network load. This achieves 31%

and 26.3% of total energy savings in HB and BB policies over baseline design.

There are a few research done on NVM based caches to reduce the energy con-

sumption of conventional cache design. In [133] shows the leakage energy can be

as high as 80% of total energy consumption for an L2 cache in 130nm process.

Thus, using STT-RAM last-level caches can effectively reduce standby leakage

power in caches. In [134], the proposed strategy first calculate Average Memory

Access Time (AMAT) of running applications on the CMP for each predetermined

interval by collected systems memory traffic. Based on the monitored AMATs, the

Hybrid distributed LLC is reconfigured by selecting the SRAM or STT-RAM bank

at the runtime. The policy reduces 39% of total energy consumption over SRAM

baseline design. The proposed policy Obstruction Aware Policy (OAP) [135] iden-

tifies the processes that obstructed the other running processes in the multi-core

system and bypass their data from the NVM based L3 cache upon a hit or miss

except for read hit. It reduces energy consumption by 64%. In DASCA [136], the

write blocks are classified into three categories: dead-on-arrival fill, dead-value fill,

and closing-write. It identifies such blocks if the block falls under dead-on-arrival

1The techniques are discussed in section 2.3
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fill or dead-value fill category it is sent from upper-level cache to main memory.

If the block falls under the closing-writes category, it is sent from main memory

to upper-level cache. This leads to an energy saving of 47% over SRAM baseline

design.

All these existing proposals show that replacing SRAM with NVM is beneficial in

energy savings.

2.4.4 MultiPlane NoC

Virtual channels are flow control technique for on-chip interconnection networks

which avoid deadlock and improve link utilization and network throughput. How-

ever, in the resource-constrained multi-processor system-on-chip (MPSoC) space

it is still questionable, because of their huge overhead in terms of area, power and

cycle time degradation. An alternative is the Multiple Physical (MP) network

which we discuss next. In a MultiPlane-NoC the wires and buffers are partitioned

across several sub-networks, and each node is connected to corresponding routers

in all the sub-networks.

Catnap presented by Das et al. proposed a scheme to choose the sub-network

(subnets) from the multiple narrow networks for power gating [137]. The subnets

are given levels of priority. New packets are injected in higher priority subnets

only if the currently active subnets are getting congested. This ensures longer

durations when higher-order subnets are powered off saving on energy. The tech-

nique makes sure the maximum power gating along with the connectivity in the

network without degrading the performance in case of high traffic. It maximizes

the sleep cycles while reducing the number of switches between the power states of

the subnets. Here, the subnets and its routers are powered off when it has empty

input buffers, and it has been idle for a predefined number of cycles, and the net-

work is currently not congested. If any of these conditions are violated, then the

subnet is powered-on. Note that congestion is detected by using regional/local

traffic information.
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In [138] Yoon et al. present a comparative analysis of Virtual channels (VC)

and multiple physical (MP) network alternatives. Both the approaches give bet-

ter performance, quality-of-service, and deadlock-free packet-switched service in

network-on-chip design. The contention in the network resolved dynamically, VCs

provide lower zero-load packet latency than MPs; Whereas MPs can be designed

using simpler routers and narrower channels which decreases power dissipation

and area occupation. The authors discuss the strength and weaknesses of each

alternative designs with both FPGAs and standard-cell libraries and system-level

simulations.

A multimode on-chip interconnect called SuperNet [139] is proposed by Bokhari et

al. The design is configured to run in three different modes: energy efficient mode;

performance mode; and, reliability mode. The proposed design uses two parallel

multi-vt [100] optimized packets switched NoC mesh. Energy mode saves more

power, whereas performance mode enhances core IPC on high MPKI applications.

The reliability mode provides protection against soft errors in the routers data

path. In the multi-NoC placement of the traffic distributed or demultiplexer is

important. In [140] Yadav et al. propose network demultiplexer placement at the

control plane of switch allocator of the router. The placement improves static

power efficiency as compared to conventional data placement design. Another

similar work [141] places the demux at the routing logic.

In [142], Gilabert et al. proposed a simple and efficient approach to VC implemen-

tation to save more area and power. Having multiple VC involves having more

number of buffers in the router and then transmitting them over a shared physical

link. Instead of this, the paper proposes to replicate the entire switch rather than

replicate only the buffering resources for each physical link. This makes the design

more area and power-efficient while running on higher speeds.

Wu et al. proposed a hybrid Multi-NoC design, HM-Mesh [143]. It combines

a hybrid CMesh and Mesh architecture and leverages CMesh network for power

efficiency at low network utilization. As per the network load, the paper proposes a

power gating and packet scheduling strategy. At low traffic, it uses only the CMesh,
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and as traffic increases, the other network is turned on. HM-Mesh schedules

packets to different subnets according to the traffic load dynamically.

Multi-NoC can be composed using different types of networks. Flores et al. pro-

pose a heterogeneous interconnect design [144] for CMPs, which consist of two

types of sub-networks: low-latency wires for critical messages and low-energy wires

for non-critical messages. Firstly they propose a technique called ReplyForwarding

which categorizes the messages into these two types. The reply message carrying

data is partitioned into a short critical message containing a sub-block of the cache

line requested by the core and the whole cache line as a non-critical message. These

two parts are sent over different interconnects to achieve energy-efficient transmis-

sion. Another heterogeneous interconnect is presented by Abousamra et al. [145],

where they use a circuit-switched and another packet-switched network. Control

packets being critical are sent via packet-switched subnet, and data packets are

sent via the circuit-switched network. In order to save energy, the voltage and

frequency of the circuit-switched network are reduced using an algorithm that

also performs circuit reservations for latency reduction. Spatial Division Circuit

Switched NoC [146] based on Spatial Division Multiplexing (SDM) is presented

by Ejaz et.al. The paper claims that the circuit-switched (CS) network can guar-

antee throughput with the low area and power budget. They develop a network

evaluation platform to study the performance of SDM over CS. The work shows

that under uniform traffic, with requests of uniform random bandwidth (BW) re-

quirement, a less flexible network outperforms a network with higher flexibility

due to the ‘stray requests’ phenomena.

2.4.5 Power saving at Buffer level

We have noted that in NoC a significant consumer of the energy is the buffers

at the ports within the router. These buffers are used to form the VCs and sets

of VCs for VNets. Researchers attempt to reduce the power consumed by the

buffers by either replacing them with emerging memory technologies or by power

gating them. The main aspect to consider is the asymmetric read-write timing of
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these emerging memories. Kline et al. proposes [147] a control mechanism based

on shift-register nature of spintronic domain-wall memory (DWM) to replace the

conventional memory buffers for the NoC. The design ensures that reads and writes

can be aligned more effectively for simultaneous access in the same cycle.

Area and power consumption can be reduced by reducing the number of physical

buffers at the ports and assigning them dynamically to different VCs. Flich et

al. proposes such an NoC router architecture, CUTBUF [148], which dynamically

assigns virtual channels to Virtual Networks (VNet) based on the traffic load of

the VNet. It reduces the number of physical buffers in routers which saves area

and power consumption without compromising NoC performance. The CUTBUF

architecture is designed to work deadlock-free at network and protocol levels. The

design reuses the same buffer for different traffic loads, and the VCs are not stat-

ically assigned to any VNet. However, a minimum number of queue imposed by

the coherence protocol are implemented in the design.

We can also save power by having as many physical buffers at the ports, but

power gating them when not in use. In [2], Zoni et al. proposed a power-gating

method BlackOut, which individually controls the power supply of NoC buffers.

The virtual channel buffers are dynamically switched on and off based on the

traffic condition. BlackOut uses two methods: flow balancing and late binding to

control input buffer power gating. Flow balancing uses the output port state and

the active buffer state to increase or decrease the number of active buffers at the

downstream router. Whereas, late binding approach optimizes the allocation of a

packet to a buffer using REMAP(ing) at an input port of a downstream router.

The REMAP function dynamically binds the physical buffers to different virtual

channels. Another work FlexiBuffer [149] proposed by Kim et al., employs a fine-

grained power gating method. Here the buffers are either in sleep or active state.

Initially, a certain number of buffers are active in a router, and the other buffer

gets activated when congestion is detected in the network.

Similar to these, other research contributions, based on router buffer optimization

to save leakage energy are available in the literature [150, 151, 152, 153, 154, 155,
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156, 157, 158, 159, 160, 161]. Certain other research approaches take the bufferless

router approach [162, 163, 164, 165, 166]. However in high traffic load these may

result in performance degradation.
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These approaches were mainly proposed for SRAM based router buffers which

are not suitable for pure NVM or NVM based hybrid design due to the chal-

lenges related to weaker write endurance and costly write operation of NVM.

Thus, the thesis proposes different longevity approaches to overcome the NVM

challenges.

2.5 Summary

With a large number of cores integrated on-chip, the basic building blocks of

modern computing systems (CMPs) requires an efficient switch-based Network on

Chip (NoC). Design space of NoC is tightly constrained as the chip real estate needs

to be distributed across the multiple cores as well as multiple levels of caches. The

same constraint applies to power consumption. In the dark silicon, when most of

the cores are powered-off, the communication network is expected to be available

to maintain on-chip connectivity between the cores and caches. To mitigate the

leakage power and area issue, computer architects have moved towards emerging

Non-Volatile Memory (NVM) and look at them as alternate memory technologies

in the buffers for the NoC routers.

The gain obtained by using NVMs is low leakage power consumption, high den-

sity, multi-bit storage capability and excellent scalability. However, by employing

NVMs in the router buffers, they suffer from costly write operations and weak

write endurance; thereby negatively impacting the performance, energy consump-

tion and lifetime of the buffers and the router as a whole.

Several attempts have been made to counter the power and performance impact in

NoC for dark silicon scenario by router power gating, fine-grained power gating of

various components in the router, establishing bypass links between the router, by

altering frequency of router and/or links based on the utilization of traffic load, by

dividing a single plane network into multi-plane physical networks and replacing

conventional SRAM based buffers by STT-RAM buffers, etc. In NVM based
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designs, limited flit retransmission [83], flit migration [44] and hybrid buffer designs

with hierarchical and banked buffers [1] are proposed. These policies mainly reduce

the number of writes in the NVM buffer either by (i) using error detection and

correction in flit transmission, which limits the number of retransmitted flits; or

(ii) using a hybrid buffer along with traffic-based load distribution across SRAM

and NVM buffers.

None of the existing policies discusses the lifetime and weak endurance issue of

NVM buffers, which is the objective of this thesis. We aim to perform careful

management of writes in the NVM technology-based NoC buffers to make them

viable replacements of power-hungry SRAM buffers.
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Wear levelling by Static Buffer

Assignment to VCs

In this chapter, we discuss the first contribution, which improves the lifetime of

non-volatile buffers used in the NoC routers. As the chapter title indicates, we

assign a set of buffers to each virtual channel, and these buffers remain perma-

nently assigned to the particular VC throughout the lifetime of the design. Write

counts are maintained with each VC, and new packets are assigned to VCs having

least write count. This helps in evenly distribution writes across the VCs, thus

achieving wear levelling and lifetime improvement. Policies are proposed for both

Iso-Capacity and Iso-Area setups. In Iso-Area setup, we take 3 times the num-

ber of SRAM buffers/VCs and partition them into different groups. During an

interval, a particular group of VCs is selected for allocation. This choice depends

on the writes incurred across them. We also explore the hybrid version of the

proposals, where some VCs are made of SRAM and some of STT-RAM. In that,

the SRAM VCs are used to mitigate the latency degradation of pure STT-RAM

counterparts.

63
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3.1 Introduction

As discussed in Chapter 2, in the era of dark silicon, although the cores/caches

may be turned off, the communication network, NoC, is expected to be available.

The communication network consumes a significant amount of total chip power.

Many approaches aim to reduce power consumption by saving power in the buffers

of the routers. The buffers in the router are made up of SRAM, which is known

to have larger leakage, whereas NVM technologies promise very minimal leakage.

This work attempts to reduce the router power consumption by replacing SRAM

buffers with NVM buffers.

If we design NoC buffers using STT-RAM technology, then we need to limit the

write variation across them to control the endurance issue and enhance the life-

time. Write variation in NoC buffers can be controlled by the virtual channel (VC)

allocation policies for NoC routers. If we can control the way in which the buffers

are allocated to VC/virtual network (VNet), then the write variation can be con-

trolled and hence lifetime can be improved. Towards this, we propose policies

to allocate VC depending on the writes incurred by them during execution.RAM

buffers with STT-RAM buffers, in this chapter, we propose an Iso-Capacity as well

as Iso-Area VC allocation policies to control write variation of STT-RAM-based

NoC buffers.

The major contributions of this work are as follows:

• We present a VC allocation policy, WVAR, to minimize the write variation

across the buffers in the VCs in the Iso-Capacity setup.

• In order to mitigate packet latency degradation due to use of long latency NVM

buffers, we propose a hybrid policy, Hy-WVAR, that uses an alternate SRAM

VC to be used in case of heavy traffic.

• We also propose two new VC-allocation policies: SET-RR and SET-VNet-WC

for the Iso-Area scenario.
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Figure 3.1: Virtual network showing VC allocation at different time stamp in
baseline and proposed architectures: WVAR and Hy-WVAR.

The rest of the chapter is organized as follows: Background and Motivation are

reported in section 3.2. Proposed Iso-Area techniques are discussed in section 3.5.

Section 3.9 illustrates the experimental methodology and results and analysis. The

overhead analysis due to proposed techniques is reported in section 3.10. Finally,

we conclude this chapter in section 3.11.

3.2 Background and Motivation

This section briefly illustrates the basic VC allocation policy in NoC routers.

3.2.1 Basic VC Allocation and Motivation

Figure 3.1 shows an example scenario. At time-stamp t1, first packet, pktA, gets

allocated to virtual channel vc0. When second packet, pktB, arrives it gets allo-

cated to vc1. By the time third packet arrives, i.e. at time-stamp t2, vc0 becomes

free and hence VC allocator allocates vc0 to the packet pktC (as shown in part

(t2-Baseline) of the Figure); whereas channels vc2 and vc3 are idle. In this ap-

proach, VC allocator chooses the first free VC to allocate packets, thus increasing

the number of writes on a particular virtual channel (vc0 in this case).
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Figure 3.2: Write variation in STT-RAM baseline (IC-Base) with 16 core,
4× 4 mesh network for different virtual networks. (lower is better)

As described in the illustration, the uneven distribution of writes within the VNet

generates the write variation (defined in the next subsection), as shown in Fig-

ure 3.2 (Details about the experimental setup and the benchmarks definitions are

reported in section 3.9), governed by the baseline VC allocation policy. This allo-

cation policy is fine as long as we have long endurance SRAM buffers. However,

with NVM buffers, one needs to consider the buffer’s lifetime. Note that the

buffer’s lifetime is the inverse of the maximum number of writes on that buffer. In

particular, the heavily written buffers wear out faster compared to other buffers,

leading to a reduction in the overall lifetime. This, in turn, affects the lifetime of

the VC and the router.

The Intra-VNet write variation and Lifetime of a buffer is defined in Section 2.3.2.

3.3 Iso-Capacity VC allocation policy: WVAR

In our first proposal, we replace the SRAM buffer with an equal number of STT-

RAM buffers. We call this proposal as the Iso-Capacity setup. To uniformly dis-

tribute the writes, we maintain counters wva with each input port, virtual network

v and virtual channel a. This counter is incremented each time a write happens

to a buffer in VC a. If we have these write counts for all VCs within a VNet,

we can uniformly distribute the writes. In particular, during the VC allocation

stage, among the free VCs, the VC with minimum write counts is allocated to the

packet. The method is called as Write VARiation aware VC allocation (WVAR).
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Algorithm 1 WVAR Algorithm
1: I : Number of Input ports
2: V : Number of Virtual networks at input port
3: Av : Set of Virtual channels at virtual network v
4: wva : Number of writes in virtual channel a of virtual network v
5: wva = wva + 1 , when a new flit is buffered in virtual channel a of virtual network v
6: Store wva for each virtual channel a of virtual network v for every downstream router
7: for Every VC allocation stage do
8: call f(WVAR V Calloc())
9: end for
10: f(WVAR VCalloc())

11: Find free/idle VCs (A
′
v) in virtual network v, where A

′
v ⊂ Av

12: for ∀ai|ai ∈ A
′
v do

13: Find aj |wvaj = min(wvar ), ∀ar ∈ A
′
v virtual network v

14: if ∃ j and k | wvaj = wvak = min(wvar ), ∀ar ∈ A
′
v and j 6= k then

15: Select VC in Round Robin manner among j, k
16: end if
17: Allocate VC
18: end for
19: Repeat from line 1 till end of execution

Algorithm: The detailed algorithm is given in Algorithm 1. The parameter

I represents the number of input port at a router, V is the number of virtual

networks at any input port and Av represents set of the virtual channel at virtual

network v [algo 1, line 1-1]. wva is write counter associated with virtual channel a

of virtual network v. The counter gets incremented every time a flit gets written

into a VC a of VNet v [algo 1, line 1-1]. For every VC allocation stage, a flit is

assigned to a free VC with minimum write count. If there is more than one VC

available with minimum write count, allocator chooses VC in round-robin fashion

[algo 1, line 10-18]. The process continues till the end of execution [algo 1, line

19].

Example: In the illustration, for convenience, we use Ca as the count for VC

a. Consider the buffer allocation at time-stamp t1 in Figure 3.1, when packet-A

and Packet-B are allocated to vc0 and vc1, respectively. At time-stamp t2 when

packet-C arrives, in our proposed policy, WVAR, we check an available/free VC

having minimum write count and allocate the packet to this particular VC. In

this example, write count of vc3 is the minimum among available VCs, C3 =

min(C0, C2, C3), and thus Packet-C is allocated to vc3 (as shown in part (t2-

WVAR) of the Figure).
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3.4 Iso-Capacity VC allocation policy: Hy-WVAR

Figure 3.3: Average packet latency for different VC-per-VNet values in 4× 4
mesh network. (lower is better)

Algorithm 2 Hy-WVAR Algorithm
1: I : Number of Input ports
2: V : Number of Virtual networks at input port
3: Av : Set of Virtual channels at virtual network v
4: Astt : Set of STT-RAM Virtual channels at virtual network made up of STT-RAM
5: Asram : Set of SRAM Virtual channels at virtual network made up of SRAM
6: Thv : Threshold network traffic for virtual network
7: ThInt : Number of cycles defining an interval of execution for deciding traffic
8: wva : Number of writes in virtual channel a of virtual network v
9: wva = wva + 1 , when a new flit is buffered in virtual channel a of virtual network v
10: Store wva for each virtual channel a of virtual network v for every downstream router
11: At the beginning of every interval, ThInt

12: if network traffic < Thv then

13: Find free/idle VCs (A
′
v) in virtual network v, where A

′
v ⊂ Astt

v

14: for ∀ai|ai ∈ A
′
v do

15: Find aj |wvaj = min(wvar ), ∀ar ∈ A
′
v virtual network v

16: goto line 33
17: end for
18: else
19: for ∀ai|ai ⊂ Astt

v do
20: Find aj |wvaj = max(wva0 , wva1 , ..., wvAstt ) in virtual network v

21: end for
22: if ∃ j and k | wvaj = wvak = max(wva0 , wva1 , ..., wvAstt ) and j 6= k then

23: Select VC in Round Robin manner among j, k
24: end if
25: Find A

′
v |A

′
v ⊂ Astt

v ∪Asram
v \ vj

26: end if
27: if ∃ i | vi ∈ Asram

v and vi is free then
28: goto line 36
29: else
30: Find aj |wvaj = min(wvar ),∀ar ∈ Astt

v and aj ∈ Astt
v virtual network v

31: goto line 33
32: end if
33: if ∃j and k|Aj andAk ∈ A

′
v and j 6= k then

34: Select VC in Round Robin manner among j, k
35: end if
36: Allocate VC
37: Repeat from line 12 till the end of execution

The earlier technique WVAR performs VC allocation while maintaining uniform

writes across all the VCs within a VNet. On account of the high write latency

incurred by STT-RAM-based buffers, these routers tend to increase the average
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packet latency compared to a SRAM based NoC. It has been experimentally ob-

served that the use of pure STT-RAM buffers increases the latency by 19% (cf.

Figure 3.3) over baseline SRAM design in a 4 × 4 mesh network. In an attempt

to rectify this, we propose to use an alternative SRAM VC (as SRAM has lesser

write latency) during high network load. In other words, when the network traffic

increases beyond a given threshold1, our proposed method allocates an SRAM VC

in place of one heavily written free STT-RAM VC. Traffic analysis is done over

equally divided intervals of execution, and the decision to use SRAM is taken at

the beginning of every interval. This method of using a combination of SRAM

and STT-RAM VCs is called the Hybrid Write VARiation aware VC allocation

(Hy-WVAR).

Algorithm: The procedure is detailed in Algorithm 2. The parameters I, V and

Av here are same as Algorithm 1 [algo 2, line 1-3]. Here, Asram are SRAM based

virtual channels and Astt are STT-RAM based virtual channels [algo 2, line 4, 5].

The parameter Thv is used as the predefined threshold [algo 2, line 6] for virtual

network v and ThInt is used as a predefined interval for deciding the traffic rate of

the network [algo 2, line 7]. The number of writes associated with virtual channel

a of VNet v is denoted by wva [algo 2, line 8]. The write count, wva, is increased

by one when a flit is written [algo 2, line 9]. In the first interval of application

execution, traffic is considered as LOW, and packets are written only into STT-

RAM-based VCs. Network traffic is calculated from the second interval onwards.

At the beginning of every interval traffic rate will be calculated [algo 2, line 11].

If the rate is LOW, only STT-RAM-based VCs participate in VC allocation stage

[algo 2, line 12-17]. Whereas in HIGH traffic scenario, first, SRAM based VC is

checked. If it is available, the flit gets allocated to it otherwise free STT-RAM VC

with minimum write count gets allocated to the current flit [algo 2, line 18-32]. In

order to save leakage power, the SRAM buffers are power gated and not used for

VC allocation during LOW traffic intervals. We have considered power gating and

wake-up time of SRAM buffers in our simulations. The process continues until the

end of execution reaches.

1Value of the threshold was computed based on empirical analysis of benchmarks. The
detailed analysis with different values of the threshold is given in section 4.2.3.
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Figure 3.4: Average packet latency for different VC-per-VNet values in 4× 4
mesh network. (lower is better)

Example: In the illustration (cf. Figure 3.1) consider the buffer allocation at

time-stamp t1 when packets A and B are allocated to vc0 and vc1 respectively. At

time-stamp t2, when packet-C arrives, in the proposed policy Hy-WVAR, if the

network load is beyond the threshold, we allocate the new packet to the SRAM

VC, if it is free and leave the STT-RAM, vc2, having maximum write counts as

idle.

3.5 Iso-Area VC allocation policies

For NoC buffers, any VC allocation policy is fine as long as the buffers are made up

of SRAM. However, when we replace them with STT-RAM buffers, we need special

care to distribute the writes in order to enhance the lifetime. The techniques

presented earlier used in an Iso-Capacity setup, where we replaced SRAM buffers

with the same number of STT-RAM buffers. Another approach of replacing SRAM

buffers by STT-RAM buffers is in the scenario of Iso-Area.

STT-RAM is at least 4-times denser than SRAM [167]. In our proposals, we

use some meta-data counters with each VC, which will occupy space. To take

this overhead into account, our iso-area policy uses (conservatively) 3-times the

capacity of SRAM while replacing it with STT-RAM buffers. Therefore, we will

have three times the number of physical resources to manage. Intuitively the three

times resources can be utilized by having three times the number of VCs per VNet.
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Every VNet has multiple VCs. If there are very few VCs, the performance gets

affected as the packets do not get free VC to allocate. It is, therefore, advisable to

have more than one VC per Vnet. It is noticed that the packet latency reduces as

we increase VCs per VNet up to a certain number, beyond which the latency again

increases. This is because, in each switch allocation stage, only one VC participates

from an input port. As a result, the waiting time for a packet increases and hence

the packet latency. Figure 3.4 shows that as we increase the VCs per VNet, the

latency initially improves, but later it degrades. This motivates us to design newer

methods to manage the 3-times resources made available by the Iso-Area setup.

In particular, we partition the resources into three sets and propose methods to

utilize these sets.

In the first method, we allocate the 3 sets in a round-robin manner and in the

second method, we allocate them depending on the write counts in every set.

3.5.1 Iso-Area Baseline (IA-Base)

Figure 3.5: Write variation in IA-Base with 16 core, 4 × 4 mesh network for
different virtual networks. (lower is better)

The IA-Base uses a similar architecture, as shown in Figure 2.2 with the exception

of three times virtual channels in a virtual network as compared to IC-Base. In IA-

Base policy, all virtual channels are allotted 3-times per virtual network. Similar to

IC-Base, here, the VC Allocator allocates first available VC to an incoming packet

even though there is an idle VC with a fewer number of writes (section 3.2.1).
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The Figure 3.5 shows write variation in IA-Base in Iso-Area setup. As can be seen,

the disparity in the number of writes among virtual channels of a virtual network

is more in Data virtual network. Using IA-Base policy leads to more uneven

writes in VCs of a VNet than IC-Base (cf. fig 3.2). Hence, this allocation policy

increases the number of writes on some VCs, which results in a lesser lifetime of

an individual buffer.

In order to rectify unused VCs of a VNet in IA-Base policy, we divide virtual

channels into three equal-size sets (buffer set) at each input port. Here, each set

will have Control (V Net0), Response (V Net1) and Data (V Net2) virtual networks

(Figure 3.6).

3.6 Iso-Area VC allocation policy: SET-RR

While performing an Iso-Area analysis, we take three times the number of buffers

when we replace SRAM with STT-RAM. Thus, we have 3-times the number of

resources which can be utilized by VCs within each VNet. As seen earlier in

Figure 3.5, increasing VCs per VNet has diminishing returns in terms of lifetime,

and hence we propose to use the extra resources turn by turn. In particular, we

create three separate sets of VNets, each having the same resources as their SRAM

counterparts.

Figure 3.6 shows the buffers divided into 3 sets. Each set has 3-VNets, and each

VNet is divided into n VCs. The organization of each set is the same as that of the

SRAM buffers in the baseline. We divide the execution time into intervals and use

one of the three sets in a round-robin fashion. In other words, during one interval,

a particular set of VNets is used, and during the next interval, another set of

VNets is used. While a VNet is being used for transmission, its VCs are allocated

using baseline VC allocation policy (section 3.2.1). At the end of each interval,

the partially transmitted packets in the current set of VNets are allowed to be

transmitted using their original allocation; whereas any new incoming packets are

allocated to the new set of VNets. This overlapped execution lasts only for a few
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Set0 Set1 Set2

VNet0 VNet1 VNet2

VC0 VC1 VC2 VCn
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Write count in each VC

Figure 3.6: Distribution of iso-area resources across 3-sets. Each set is divided
into VNets/VCs.

cycles and consumes only dynamic energy. As STT-RAM has very less leakage,

we do not turn-off the sets of VNets that are not in use.

Algorithm 3 SET-RR Algorithm
1: Intset : Number of predefined cycles used for Set selection, defining an interval of execution
2: I : Number of Input ports
3: S : Sets at input port
4: Vs : Number of Virtual networks at input port
5: Asv : Set of Virtual channels at virtual network v of set s
6: i = 0
7: At the beginning of every interval, Intset
8: begin
9: Select set of VNets si — si ∈ S
10: Use si for packet transmission
11: for For every VC allocation stage do
12: Use baseline VC allocation policy as given in Section 3.2.1
13: end for
14: i = (i+ 1)%|S|
15: end
16: Repeat from line 7 till the end of execution

Algorithm: The detailed procedure of SET-RR is explained in Algorithm 3. The

parameter Intset is a predefined interval used for set selection in SET-RR [algo 3,

line 1]. The total number of input ports are defined by I. Here, S represents total

number of buffer sets at an input port, Vs number of virtual channel at set s and

Asv number of virtual channel at virtual network v of set s [algo 3, line 2- 5]. When

application execution begins, set s0 becomes active and all the incoming packets to

the input port get written into it [algo 3, line 6 - 8]. Once the buffer set is selected,

the algorithm uses the baseline VC allocation policy at each virtual network to

maintain an even distribution of writes across virtual channels [algo 3, line 10- 12].

After Intset cycles, the algorithm chooses s1 to be active and all incoming packets

get written into it. Note that here, algorithm chooses buffer set in round robin
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manner [algo 3, line 13]. The process continues till the end of execution [algo 3,

line 15].

Example: Figure 3.6 depicts buffer set hierarchy of SET-RR methodology. In

the figure, there are three buffer sets (Set0, Set1 and Set2), and each set has n

VCs logically grouped into three VNets. Here, buffer selection happens at the

topmost level, i.e. set level, in a round-robin manner. If Set0 is selected in the

current interval, then in the next interval, Set1 will be selected, and the process

continues until the end of execution reaches.

3.7 Iso-Area VC allocation policy: SET-VNet-

WC

Figure 3.7: Write variation in SET-RR with 16 core, 4× 4 mesh network for
different virtual networks. (lower is better)

When a set is selected for packet transmission, all the VCs of the set participate

in it irrespective of the number of writes of an entire set which may increase write

variation of VCs in a virtual network across sets. This results in uneven writes in

a virtual network across sets. In order to rectify this issue, we propose another

method of set selection, SET-VNet-WC.

Figure 3.7 shows the write variation of VNets across the sets, which is around

15.5% in control and response and, 22% in the data virtual network. Note that

this is much less compared to variations in baseline IA-Base from Figure 3.5. To

rectify this variation and in order to further enhance the lifetime, we propose a

TH-2947_126101001



Chapter 3. Wear levelling by Static Buffer Assignment to VCs 75

Algorithm 4 SET-VNet-WC Algorithm
1: Intset : Number of predefined cycles used for Set selection, defining an interval of execution
2: I : Set of Input ports
3: S : Set of buffer sets at input port. Let si ∈ S
4: Vs : Set of Virtual networks at input port
5: Asv : Set of Virtual channels at virtual network v of set s
6: wsv : Number of writes in virtual network v of set s
7: wsva : Number of writes in virtual channel a of virtual network v of set s
8: wsva = wsva + 1 , when a new flit is buffered in VC a of virtual network v of set s
9: Store wsva For each VC a of virtual network v of set s for every downstream router
10: Select set s0 and run application for first interval Intset
11: for At the end of every interval, Intset do
12: for ∀s ∈ S ∧ ∀v ∈ Vs do
13: wsv = wsv + wsva , ∀a ∈ A //Compute sum of write counts for each VNet in every Set
14: end for

//Find VNet, v, with minimum write count among all Sets
15: for ∀v ∈ Vs do
16: for ∀s ∈ S do
17: ∃ i | si ∈ S ∧ wsiv = min(wsjv) , ∀sj ∈ S
18: end for
19: v = vsi //VNet v of set si will be active in next interval Intset

20: end for
21: for For every VC allocation stage do
22: Call f(WVAR VCalloc()) //From algo-1
23: end for
24: end for
25: Repeat from line 4 till the end of execution

Set0 Set1 Set2

VNet0 VNet1

VC0 VC1 VC2 VCn
   .  .  .

VNet2
Chosen VNets based 

on write count

w
100
w
101
w
102

w
10n

Write count in each VC

Figure 3.8: Selection of VNet from all sets based on write count during kth

interval.

method which selects the VNets to be allocated depending on the write counts.

The earlier method SET-RR selects a completely new set of VNets in each interval,

whereas this method selects each VNet by comparing the writes to that VNet

across all sets. For instance, we may select the V Net0 from the first set and the

V Net1 from another set. This requires us to compare the counts associated with

each VNet before allocating them during each interval. Note that once a VNet

is selected, WVAR algorithm is applied inside in order to control write variation

across VCs within that VNet. The proposed method is called VNet selection from

Sets based on Write Counts-SET-VNet-WC.
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VNet0 VNet1
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Figure 3.9: Selection of VNet from all sets based on write count during (k+1)th

interval.

Algorithm: The working approach of SET-VNet-WC is elaborated through

Algorithm 4. Similar to SET-RR, the parameter Intset is used as a predefined

interval for set selection, I is set of input port of a router, S set of buffer sets at

an input port, Vs set of virtual channels at set s and Asv is set of VCs at virtual

channel v and set s [line 1 to line 5]. wsv represents number of writes in virtual

network v of set s and wsva represents number of writes in virtual channel a of

virtual network v of set s [line 6 and 7]. The counter wsva get incremented every

time a flit gets written into VC a of VNet v of Set s [line 8]. Algorithm chooses

set s0 to participate in buffer write when application execution begins for first

interval [line 10]. From second interval onwards, for every interval, write count

wsv is calculated for each virtual network in each set [line 11 to 13]. Once the

virtual network writes are computed, the Algorithm finds virtual network vi with

minimum write count among all sets in S [line 14 to line 19]. Thus we obtain

the VNets across all sets having minimum write counts [line 19]. Unlike SET-RR

(reported in 3.6), here, the buffer selection happens at the virtual network level.

Once VNets are selected, the algorithm uses Algo 1 to remove unwanted write

variation across VCs [line 21 to 23].

Example: Figure 3.8 presents the hierarchy of buffers in SET-VNet-WC method-

ology. Similar to SET-RR, SET-VNet-WC has three levels of a hierarchy of buffers

at each input port. The writes in each VC is denoted by wsva where s is set num-

ber, v is virtual network, and a is VC. As shown in the figure, there are three sets

at the input port, and each set has n number of VCs logically grouped into three

TH-2947_126101001



Chapter 3. Wear levelling by Static Buffer Assignment to VCs 77

virtual networks. In Figure 3.8, virtual network V Net0 is selected from Set1, vir-

tual network V Net1 is selected from Set2, and virtual network V Net2 is selected

from Set0 for the kth interval Intsetk . With each writes in the Intsetk , the write

happens in the buffers associated with the VNets and hence the number of writes

increases for active VNets (if any) in the set. The Figure 3.9 shows the active

VNets from the sets at (k + 1)th interval Intsetk+1
. Here, based on write counts

Set0 does not have any active virtual networks chosen for the interval. Whereas

Set1 have two active virtual networks, V Net0 and V Net1; and Set2 has one active

virtual network: V Net2, for the interval. The selection of active virtual network

v is done by comparing the number of writes of the virtual network among all

sets. For example, for the selection of V Net0, the values w00, w10 and w20 will be

compared. Since w10 = min(w00, w10, w10), virtual network V Net0 is active in set

Set1.

3.8 Iso-Area VC allocation policy for Hybrid buffers

As discussed in section 3.7, the proposed method selects a virtual network to be

allocated depending on the write counts of each virtual network in each interval.

This policy uses pure STT-RAM-based buffers, and hence the packet latency and

the performance degrades with respect to SRAM based design. In order to rectify

this, we propose another policy SET-VNet-WC-Hy-WVAR. Similar to Hy-WVAR

policy, here, each virtual network will have one SRAM based VC. In SET-VNet-

WC-Hy-WVAR, once a VNet is selected, Hy-WVAR algorithm is applied inside

to control write variation across VCs within that VNet.

3.9 Experimental Evaluation

We evaluate our proposed approaches on a multi-core full system simulator Gem5 [168],

with Garnet2.0 [169] as the interconnection network model for NoC performance.

We use DSENT [170] for router power analysis at 32nm technology. We evaluate
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Parameter Details
Core Count 16, 2GHz
Topology 4 × 4 mesh
L1 I & D cache , L2 cache 64KB, 64KB , 16MB (64B block size)
Router Pipeline 3 stage, 16B flit
Packet Size control 1 flit, data 5 flits
Virtual Network Count 3 per port with 4 VC per VNet
Virtual Channel Depth 1 buffer for control, 4 buffers for data VC
Counter Size 2B
Buffer Sets 1 (12 Vcs per set) in Iso-Capacity

3 (12 Vcs per set) in Iso-Area

Table 3.1: System and interconnect configuration

Parameter SRAM Drowsy-SRAM STT-RAM
write latency (cycle) 1 1 2
read latency (cycle) 1 1 1
read energy/bit (pJ) 0.026 0.026 0.022
write energy/bit (pJ) 0.0363 0.0363 0.182
leakage power (mW) 0.206 0.052 0.067

Table 3.2: SRAM and STT-RAM buffer configuration

16 core system with 4 × 4 mesh network with a buffer depth of data VCs 4. We

assume a sorted array of write count is maintained, and the head pointer of the

array always points to the VC with minimum write count. The detailed system

configuration is given in Table 3.1. We use CACTI-STT [171] and NVSIM [172]

to get SRAM and STT-RAM latency, read-write energy and leakage power. Ta-

ble 3.2 shows all the obtained timing and energy parameters. In order to reduce

the number of write cycles for STT-RAM, we have brought down the retention

time to 10ns [56] [1]. We evaluate our work with SPEC [173] benchmark suites.

From the list of SPEC benchmarks, we made 12 multi-programmed workloads

for 16 cores. The list of the mix of multi-programmed workload is given in Ta-

ble 3.3, where each mix has a combination of applications having different write

back per kilo instructions. We warm up each multi-programmed workload for 1

billion instructions and after that run for 100 million instructions.

We show the results for (1) Write Variation (calculated by using equation 2.1 and 2.2)

(2) Lifetime (3) Total Energy (4) Latency and (5) EDP (Energy Delay Product).

The results are given for baseline policy using basic VC allocation policy (cf.

section 3.2.1) and the proposed policies: WVAR and Hy-WVAR in Iso-Capacity

and SET-RR and SET-VNet-WC in Iso-Area setup. In addition, for Iso-Capacity

setup, we have shown comparison analysis with different metrics for WVAR and

Hy-WVAR against Hybrid-Drowsy [1]. Improvements in the lifetime and write
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Mix Workloads

0 4×h264ref, 4×libquantum, 4×leslie3d, 4×mcf

1 4×cactusADM, 4×gamess, 4×gromacs, 4×zeusmp

2 4×gamess, 4×gromacs 4×h264ref, 4×mcf

3 4×dealII, 4×cactusADM, 4×leslie3d, 4×zeusmp

4 4×gcc, 4×libquantum, 4×omnetpp, 4×perlbench

5 4×bzip2, 4×hmmer, 4×milc, 4×soplex

6 4×gcc, 4×h264ref, 4×milc,4×perlbench

7 4×bzip2, 4×libquantum, 4×omnetpp, 4×soplex

8 4×dealII, 4×h264ref, 4×sjeng, 4×tonto

9 4×astar, 4×cactusADM, 4×gobmk, 4×namd

10 4×gobmk, 4×namd, 4×sjeng, 4×tonto

11 4×astar, 4×cactusADM, 4×dealII, 4×h264ref

Table 3.3: Multi-programmed workloads

variation in Iso-Capacity setup are shown with respect to the baseline, IC-Base,

using STT-RAM buffers having the same number of VCs per VNet as the pro-

posed. Whereas, lifetime and write variation in Iso-Area are shown with respect

to the baseline, IA-Base, having three times more VCs per VNet as the SRAM

baseline. Note that reduction in total energy, EDP gain, and network latency

comparison are shown with respect to the baseline, (SRAM ), using pure SRAM

buffers in Iso-Capacity and Iso-Area setup. The reference value for ThInt (defining

an interval of execution for deciding the traffic in Hy-WVAR) and Intset (prede-

fined interval used for set selection in SET-RR and SET-VNet-WC) are taken to

2 million cycles.

3.9.1 Results and Analysis

3.9.1.1 Results and Analysis for Iso-Capacity

Figure 3.10: Percentage reduction in write variation in Control VNet for
proposed policies WVAR and Hy-WVAR in Iso-Capacity w.r.t. IC-Base in

4× 4 mesh network. (higher is better)
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Write variation: Write variation is calculated and compared individually for

each virtual networks for STT-RAM Baseline and STT-RAM Proposed methods.

Figure 3.10 shows the reduction in write variation for the control virtual network.

It is observed that the average write variation in baseline method is 34% whereas

in the proposed methods, it is 0.0001% in WVAR and 0.0003% in Hy-WVAR. The

proposed policies thus show a reduction of almost 100% (as seen in the graph).

Write variation for response virtual network is shown in Figure 3.11. Even here, the

gap between write variation of baseline and proposed methods is significant. Min-

imum write variation of STT-RAM Baseline is 30.1% and maximum is 39.2%. For

Proposed methods WVAR and HY-WVAR, average write variations are 0.0017%

and 0.0033% respectively.

For data virtual network, write variation is maximum for all workloads in STT-

RAM Baseline (Figure 3.12). Write variation in STT-RAM Baseline are in the

range of 47.3% to 49.6%, and the average is 49%. Overall average write variation

in the WVAR, and Hy-WVAR methods are 0.0001% and 0.027% respectively. In

the proposed methods, write into VC for each virtual network is more evenly

distributed than the default method of baseline, which is evident from almost

nil write variation. Uniform distribution of writes across VCs ensures the longer

lifetime of the VC buffers.

Lifetime: Similar to write variation, we have done the analysis of buffer lifetime

individually for each virtual network since the type of packet differs for each one.

Figure 3.11: Percentage reduction in write variation in Response VNet for
proposed policies WVAR and Hy-WVAR in Iso-Capacity w.r.t. IC-Base in

4× 4 mesh network. (higher is better)
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Figure 3.12: Percentage reduction in write variation in Data VNet for pro-
posed policies WVAR and Hy-WVAR in Iso-Capacity w.r.t. IC-Base in 4 × 4

mesh network. (higher is better)

Figure 3.13: Normalized lifetime improvement in Control VNet using WVAR
and Hy-WVAR policy in Iso-Capacity w.r.t. IC-Base in 4 × 4 mesh network.

(higher is better)

Figure 3.14: Normalized lifetime improvement in Response VNet using
WVAR and Hy-WVAR policy in Iso-Capacity w.r.t. IC-Base in 4 × 4 mesh

network. (higher is better)

Figure 3.13 shows lifetime comparison of proposed method for control virtual net-

work. In proposed WVAR technique lifetime is enhanced by 2.4 to 3.3 times. On

average, the lifetime is enhanced by 2.9 and 10.6 in WVAR and Hy-WVAR. In

response virtual network, Figure 3.14, average life enhancement is 3.1 and 23.9

for WVAR and Hy-WVAR over baseline STT-RAM. For data virtual network,

TH-2947_126101001



Chapter 3. Wear levelling by Static Buffer Assignment to VCs 82

Figure 3.15: Normalized lifetime improvement in Data VNet using WVAR
and Hy-WVAR policy in Iso-Capacity w.r.t. IC-Base in 4 × 4 mesh network.

(higher is better)

Figure 3.16: Normalized total energy of proposed policies WVAR and Hy-
WVAR in Iso-Capacity w.r.t. SRAM baseline in 4× 4 mesh network. (lower is

better)

Figure 3.17: Normalized packet latency of proposed policies WVAR and Hy-
WVAR in Iso-Capacity w.r.t. SRAM baseline in 4× 4 mesh network. (lower is

better)

Figure 3.15, lifetime increases by factor of 3.9 and 308 on average. This huge

improvement in a lifetime with Hy-WVAR is due to the use of additional SRAM

buffers that reduces the load on STT-RAM buffers. On the other hand, with data

VNet, as the data packet has more flits, the impact on lifetime improvement is

maximum in the data network.
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Figure 3.18: Normalized EDP gains of proposed policies WVAR and Hy-
WVAR in Iso-Capacity w.r.t. SRAM baseline in 4× 4 mesh network. (lower is

better)

Energy analysis: The Figure 3.16 shows the total energy for SRAM baseline and

proposed policies. On account of the very less static energy of STT-RAM, we get a

significant reduction in total energy in both the proposals. In particular, the total

energy is reduced by 55.73% and 47% respectively in WVAR and Hy-WVAR. The

writes in STT-RAM require more energy, which increases the dynamic energy;

however, lesser static energy gives us overall energy savings.

Packet Latency: The write operation of STT-RAM takes 2 cycles, whereas

for SRAM takes only 1 cycle [1]. Note that according to [56], we have used lower

retention time in order to reduce write cycles. This impacts packet network latency

and hence average packet latency. The Figure 3.17 shows normalized latency in

proposed policies with respect to SRAM. WVAR increases packet latency by 19%

over SRAM. However, Hy-WVAR attempts to reduce this and achieves the network

latency of 14% over SRAM, which is 4.2% improvement over WVAR.

EDP: Slight increase in network latency affects performance. However, the savings

in static energy is large and thus leads to an improved EDP. On average we get

55.5% and 48.6% gain in EDP over baseline SRAM [Figure 3.18].

Comparison with existing policy Hybrid-Drowsy [1]:

The contribution in [1] uses a combination of SRAM VCs and STT-RAM VCs,

termed as the hierarchical buffer architecture. Here, VCs are power-gated and/or

made drowsy based on the traffic load. The proposal uses two SRAM VCs where

one VC is always powered-on, and another SRAM VC is kept in low power (drowsy)
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mode when not in use. The STT-RAM-based VCs are turned on only during

medium to heavy network traffic.

This contribution aims to reduce the power consumption of the NoC routers by

using STT-RAM VCs with SRAM VCs. In our proposed methods, we try to

reduce write variation and hide the latency by using only one additional SRAM

VC (in case of Hy-WVAR), whereas, [1] uses two. The comparison of the Hy-

Drowsy policy and our proposed policies with respect to the baseline is shown in

Table 3.4 and 3.5.

As seen in Table 3.5, the Hy-Drowsy policy shows an average of 35.57% of write

variation across VCs in control virtual networks, 47.22% in response virtual net-

works and 41.78% in data virtual networks. This impacts the lifetime of STT-

RAM-based buffers as a whole. Since the policy uses two SRAM based VCs per

virtual network, the average lifetime is 56 times, 23 times and 1109 times in con-

trol, response and data virtual network. The lifetime enhancement is because of

very few writes in STT-RAM-based VCs since it is only used during high network

traffic load along with SRAM VCs. Note that the STT-Writes is calculated per

virtual network. It represents the percentage of writes in STT-RAM VCs with re-

spect to overall writes in the VNet. For instance, in response VNet, the percentage

of writes in Hy-Drowsy is 0.20% and lifetime is 23 times whereas, the percentage of

writes in our proposed Hy-WVAR is 13% which also improves the lifetime of STT

based buffers by almost 23 times. This was possible because of 4 STT-RAM VCs

and wear levelling of writes across these VCs of proposed approaches. However,

Hy-Drowsy avoids writes in STT-RAM VCs by power gating them during normal

traffic scenario. Similar results can be seen for control and data virtual networks.

Referring to Table 3.4, in Hy-Drowsy policy, the SRAM VCs balances the latency

increase caused by STT-RAM-based VCs. Hence, the latency increase is less with

respect to proposed policies. Also, using drowsy SRAM based VCs, the static

energy is reduced and hence EDP. The policy shows 28.5% savings in total energy

and 28.6% EDP gain with respect to SRAM baseline. Our proposed policies use

pure STT-RAM VCs hence save more on energy incurring slightly more latency.
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Policy
Energy
savings

(%)

EDP
gain
(%)

Latency
increase

(%)
Hy-Drowsy [1] 28.5 28.6 8.09

WVAR 55.74 55.5 19.37
Hy-WVAR 47 48.6 14.4

Table 3.4: Energy, EDP and latency comparison with baseline
in 4× 4 mesh network.

Policy
STT-Writes (%) Write Variation (%) Lifetime (times)

Ctrl Res Data Ctrl Res Data Ctrl Res Data
Hy-Drowsy [1] 0.56 0.20 0.02 35.57 47.22 41.78 56 23 1109

WVAR 100 100 100 0.0001 0.0017 0.0001 2.9 3.13 3.95
Hy-WVAR 28 13 68 0.0003 0.0033 0.027 10.66 23.87 308.2

Table 3.5: Write variation and lifetime comparison with baseline in 4×4 mesh
network. (Ctrl: Control VNet, Res: Response VNet, Data: Data VNet)

The hybrid-buffer design of [1] has no policy for improving the lifetime of buffers.

Thus, our proposed policies not only reduce energy consumption but also improve

the lifetime of STT-RAM-based NoC buffers.

3.9.1.2 Results and Analysis for Iso-Area

In the Iso-Area setup, we have three times the number of resources and thus more

responsibility to evenly distribute the writes to effectively utilize all the resources.

Figure 3.19: Percentage reduction of write variation in Control VNet for
proposed policies SET-RR and SET-VNet-WC in Iso-Area w.r.t. IA-Base in

4× 4 mesh network. (higher is better)

Write Variation: In baseline (IA-Base) policy, there is only one buffer set, and

all VCs of a VNet participate in a VC allocation stage. This causes more write

variation since the policy use first available VC for packet transmission. Proposed

Round robin VNet set selection policy, SET-RR has three sets of VCs and uses
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Figure 3.20: Percentage reduction of write variation in Response VNet for
proposed policies SET-RR and SET-VNet-WC in Iso-Area w.r.t. IA-Base in

4× 4 mesh network. (higher is better)

Figure 3.21: Percentage reduction of write variation in Data VNet for pro-
posed policies SET-RR and SET-VNet-WC in Iso-Area w.r.t. IA-Base in 4× 4

mesh network. (higher is better)

one set for VC allocation in each interval. Usage of buffer sets for VC allocation in

round-robin fashion attempts to even out writes of a VNet in three sets. However,

this technique does not even out write in VCs of a VNet in a set. The policy

SET-VNet-WC further controls the writes to VCs by selecting the appropriate

VNet from each set and uses WVAR or Hy-WVAR inside the virtual network. As

shown in Figure 3.19, 3.20 and 3.21, compared to the baseline: IA-Base, SET-

RR reduces write variation by 55%, 55.3% and 49% in control, response, and

data virtual network. The WVAR variant of SET-VNet-WC policy reduces write

variation by 99.96% whereas, Hy-WVAR variant reduces it by 97.5% in control

virtual network. Similar write variation reduction has been observed in variants

of SET-VNet-WC policy for response and data virtual network, which is 99.9% n

WVAR variant and 97% in Hy-WVAR variant.

Lifetime: Similar to write variation, we have done analysis on buffer lifetime.
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Figure 3.22: Normalized lifetime improvement in Control VNet using SET-RR
and SET-VNet-WC in Iso-Area policies w.r.t. IA-Base in 4× 4 mesh network.

(higher is better)

Figure 3.23: Normalized lifetime improvement in Response VNet using SET-
RR and SET-VNet-WC in Iso-Area policies w.r.t. IA-Base in 4 × 4 mesh net-

work. (higher is better)

Figure 3.24: Normalized lifetime improvement in Data VNet using SET-RR
and SET-VNet-WC in Iso-Area policies w.r.t. IA-Base in 4× 4 mesh network.

(higher is better)

Figure 3.22, 3.23and 3.24 show lifetime comparison of proposed policies in control,

response and data VNets for Iso-Area setup. Note that the lifetime graphs are in

log scale with base 10. The proposed policy SET-RR enhances lifetime by 2.9, 3.2

and 2.9 times on an average in control, response and data virtual network with

respect to IA-Base.
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Figure 3.25: Normalized total energy of proposed policies SET-RR and SET-
VNet-WC in Iso-Area w.r.t. SRAM baseline in 4 × 4 mesh network. (lower is

better)

Figure 3.26: Normalized packet latency of proposed policies SET-RR and
SET-VNet-WC in Iso-Area w.r.t. SRAM baseline in 4×4 mesh network. (lower

is better)

The SET-VNet-WC policy with WVAR improves lifetime by 8.7 times and with

Hy-WVAR improves lifetime by 32 times in control virtual network (Figure 3.22).

In response virtual network, Figure 3.23, average lifetime enhancement is 9.9 and

73 times for WVAR and Hy-WVAR variant of SET-VNet-WC over IA-Base. The

buffer lifetime increases by a factor of 11.8 and 1093 times in data virtual network

(Figure 3.24).

Similar to Iso-Capacity, we get more lifetime improvement in Hy-WVAR variant

of SET-VNet-WC policy.

Energy analysis: The Figure 3.25 shows the total energy of proposed policies

for Iso-Area setup with respect to SRAM based design. STT-RAM incurs costly

writes, which requires more energy and increases the dynamic energy, yet, lesser

static energy gives overall energy savings. The total energy is reduced by 0.01% in

SET-RR and SET-VNet-WC WVAR variant with respect to SRAM baseline. The
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Figure 3.27: Normalized EDP gains of proposed policies SET-RR and SET-
VNet-WC in Iso-Area w.r.t. SRAM baseline in 4 × 4 mesh network. (lower is

better)

Hy-WVAR variant of SET-VNet-WC policy shows 28% increase in total energy

with respect to SRAM baseline. This increase in energy is due to the usage of an

additional SRAM VCs.

Packet Latency: The Figure 3.26 shows normalized latency in proposed policies

in Iso-Area setup. Similar to WVAR policy, in Iso-Capacity setup, SET-RR and

SET-VNet-WC with WVAR give 16.5% increase in packet latency over SRAM.

However, the Hy-WVAR variant of SET-VNet-WC policy uses an SRAM VC per

VNet and reduces packet latency by 5% with respect to SET-RR policy which is

13% increase over SRAM.

EDP: We get around 0.015% gain in EDP in SET-RR and SET-VNet-WC with

WVAR policy with respect to SRAM (Figure 3.27). The Hy-WVAR variant of

SET-VNet-WC policy uses an SRAM VC per VNet, which increases leakage power.

This results in loss of EDP with respect to SRAM baseline policy. The SET-VNet-

WC policy with Hy-WVAR shows 24% EDP loss with respect to SRAM.

3.9.1.3 Analysis using Synthetic Workloads

Latency analysis: To study the impact of proposed policies on the packet la-

tency, we performed simulations on an 8×8 network using different traffic patterns

and by varying the injection rate. Figures 3.28(a) and 3.29(a) show performance
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(a) Uniform Random

(b) Threshold analysis

Figure 3.28: Performance Comparison and threshold analysis of Iso-Capacity
policies with Synthetic Workloads in 8×8 mesh network.

comparison of proposed policies with the baseline under uniform− random syn-

thetic workload. On account of the slow write speed of STT-RAM, the packets take

slightly more time to reach the destinations. On Iso-Capacity setup, as expected,

the latency of Hy-WVAR policy lies between the latency values for SRAM and

WVAR, and both the proposed policies reach saturation earlier than the baseline

SRAM. WVAR increases latency by 28% on average w.r.t SRAM, whereas Hy-

WVAR shows latency improvement by 14% w.r t. WVAR. On the other hand,

with Iso-Area setup, the SET-RR and SET-VNet-WC WVAR variant increases

latency by around 28.6% on average, whereas SET-VNet-WC Hy-WVAR variant

shows latency to increase by 10.6% over SRAM.

Effect of threshold value: The usage of SRAM based virtual channel in

Hy-WVAR policy, both in Iso-Capacity and Iso-Area, depends on the threshold

used. Lower threshold value ensures more frequent writes in SRAM based VC.

Figures 3.28(b) and 3.29(b) show the effect on network latency using different
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(a) Uniform Random

(b) Threshold analysis

Figure 3.29: Performance Comparison and threshold analysis of Iso-Area poli-
cies with Synthetic Workloads in 8×8 mesh network.

threshold values under uniform-random traffic pattern with fixed injection rate of

0.1flits/node/cycle. Higher threshold reduces the number of writes in the SRAM

based virtual channel, which results in more average packet latency. Thus, there

is a trade-off between packet latency and power. If the threshold is less, latency

is less, but it incurs more leakage power due to the frequent use of SRAM. On the

other hand, a higher threshold saves leakage but incurs more packet delays.

3.10 Overhead Analysis

Due to the usage of multiple counters, the proposed techniques suffer from the

overheads in terms of area, energy, and storage. The counter values used here

can be easily truncated when it reaches its maximum limit. This allows us to use

small counter of size 2 bytes. This sections will briefly demonstrate all types of
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overheads with respect to these counters in Iso-Area and Iso-Capacity setup of

different policies.

Counter Storage Overhead: As per the system parameter is given in Table 3.1,

a total of 24-byte size of counters are used for each input port. Hence, for a 4x4

network, the total size will be 384 bytes. All these constitute a counter overhead

percentage: (1) In the case of Iso-Capacity with respect to IC-Base is 6.25%

(WVAR) and 5% (Hy-WVAR) (2) In the case of Iso-Area setup with respect to

IA-Base, the counter overhead is 6.25% (SET-VNet-WC) and 5% (SET-VNet-

WC-Hy-WVAR), and with respect to IC-Base, the counter overhead is 18.75%

(SET-VNet-WC) and 15% (SET-VNet-WC-Hy-WVAR).

Counter Energy Overhead: In our experiment, we have taken SRAM based

counters where the leakage is the dominant source of energy consumption. The

overhead energy values for Iso-Capacity setup with respect to IC-Base is 6.2%, and

for Iso-Area setup with respect to IA-Base is 7.48% of total router power. Note

that this energy consumption is marginal compared to SRAM baseline policy as

evident from Figure 3.16 and 3.25.

Counter Area Overhead: As the area occupied by the STT buffer is one-fourth

in terms of SRAM. In Iso-Area setup, the SET-RR has no counters associated;

hence it saves the area by 25% over SRAM baseline design, whereas SET-VNet-WC

WVAR variant saves by 6%. However, the Hy-WVAR variant of SET-VNet-WC

design saves area by 3% w.r.t SRAM design if one SRAM based VC is used for

each virtual network for all sets.

3.11 Summary

NoC is the backbone of communication for today’s chip multi-processors and also

a significant contributor to the power budget. Specifically, the buffers at the ports

consume more power. This chapter proposed to use NVM based STT-RAM buffers
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as they promise high density and low leakage. The major drawbacks of STT-RAM

are their low write endurance which can affect the lifetime of the buffers.

Towards this the chapter, we proposed Iso-Capacity and Iso-Area based VC allo-

cation policies to reduce write variation across buffers. The Iso-Capacity policies:

WVAR and Hy-WVAR reduce write variation across VCs within the VNets by

allocating lightly written VCs to newly arriving packets. This reduces the write

variation to almost 0%. The lifetime is improved by 3.9 times and 308 times in

WVAR and Hy-WVAR respectively.

The Iso-Area proposal divides the three times resources into sets and presents the

scheduling of these sets in the VC allocation procedure. A round-robin allocation

of sets (SET-RR) improves packet latency but does not help in reducing write

variation. This reduces write variation to 55.3% over baseline policy. The other

proposal SET-VNet-WC picks up those VNets from across the sets that have least

write counts. Write counts are maintained with each VNet, and the selection of

VNets to be used for packet transmission is performed at fixed intervals. The

policy reduced write variation to almost 0% and improved lifetime by 11.8 times

over baseline. The hybrid variant of this policy also reduced write variation and

improved lifetime by 1093 times over baseline.

The reduced static energy consumption of NVM technology gives a considerable re-

duction in total power consumption, leading to EDP gains of 55.5% in Iso-Capacity

and maintain the same energy in Iso-Area policies. Thus, careful management of

writes in NVM buffers can make them a viable replacement for power-hungry

SRAM buffers in on-chip interconnects.

TH-2947_126101001



TH-2947_126101001



Chapter 4

Wear Levelling by Dynamic

Buffer Assignment to VCs

The previous chapter permanently assigned buffers to VCs and subsequently pro-

posed VC allocation depending on write counts. However, even if certain VCs

incur less writes, it may be the case that certain buffers inside the VC have un-

dergone several more writes compared to buffers in other lightly written VCs. To

nullify this impact, in this chapter, we logically make groups of buffers and assign

one or more group of buffers to form VCs. Once all VCs are formed then the

allocation of VC to newer packets happens based on write counts. The reconfigu-

ration of VCs using buffer groups is done after regular intervals to guarantee that

the buffers inside all VCs have a similar number of writes.

4.1 Introduction

A baseline NoC router has buffers at its input and output ports. The physical

links are logically partitioned into virtual networks (VNets) which in turn are di-

vided into virtual channels (VCs). The buffers inside a VC of the VNet store the

incoming flits, and depending on the VC allocation policy, the number of writes

incurred by the buffers may vary. We quantify this by defining the coefficient of

95
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Figure 4.1: Write variation in STT-RAM baseline with 16 core, 4 × 4 mesh
network (lower is better).

write variation in Section 2.3.2. Using these definitions and running experiments

on a number of benchmark programs, we obtain results, as shown in Fig. 4.1.

Details about the experimental setup and the definition of the benchmark are re-

ported in Section 4.5. From the figure 4.1, it can be seen that Intra-VNet variation

is quite significant across VCs belonging to the same VNet. The variation can be

controlled by evenly distributing the writes across the VCs by using appropriate

VC allocation policies. In the previous chapter(3), we presented VC allocation

policies that significantly reduce the write variation across VCs within a VNet.

However, there are still scenarios when buffers assigned to some VNets incur lesser

write compared to some other VNets generating Inter-VNet write variation, as

shown in Fig. 4.1. In other words, if we can manage the write variation across all

the buffers at input ports instead of the buffers within each VNet, we may be able

to further improve the lifetime of the NVM buffers. Towards achieving this, the

major contributions of this chapter are:

• We present VC allocation policies based on write counts of buffers across differ-

ent VNets. This will reduce write variation across VNets termed as Inter-VNet

write variation.

• Two policies: Dy-WVAR and Hy-Dy-WVAR are presented to reduce Inter-VNet

write variation.

• We also presented a comparative analysis with an existing technique Hybrid-

Drowsy [1] and the results show the significant improvement.

TH-2947_126101001



Chapter 4. Wear Levelling by Dynamic Buffer Assignment to VCs 97

VNet0 VNet1 VNet2

... ... ...Buffer

Figure 4.2: Static buffer allocation

• We present standalone parameter based analysis for the Intra-VNet and Inter-

VNet policies.

The chapter is organized as follows: Background and Motivation are reported

in section 4.2. Proposed Dynamic write variation techniques are discussed in

section 4.3 and 4.4. Section 4.5 illustrates the experimental methodology and

results and analysis. Storage overhead analysis is reported in section 4.6. Finally,

we conclude this chapter in section 4.7.

4.2 Background and Motivation

Previously described policy, WVAR (c.f. section 3.3) and Hy-WVAR (c.f. sec-

tion 3.4), allocates VCs depending on the variation in the number of writes in each

VC. This method helps in reducing the variation inside a VNet over the baseline

VC allocation policy. However, there could be write variation across VNets as

the number of writes happening in different VNets vary with application profile.

Figure 4.1 shows this write variation across VNets, which is still responsible for

reducing the lifetime of NVM buffers. WVAR policy guarantees equal write dis-

tribution within a VNet. Our next goal is to reduce this variation across different

VNets.

Figure 4.2 shows the sequential allocation of buffers to VNets. Once this allocation

of buffers to VNets is done, it remains unchanged throughout the lifetime of the

system. If we can make this assignment dynamic, i.e. control the assignment of

buffers to the VNets taking into account the write variation among them, we will

be able to further improve the lifetime of all the buffers.
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Figure 4.3: Buffer allocation for Dy-WVAR policy at timestamp t1.

4.2.1 Buffer Groups

For controlling the write variation across VNets, we partition the set of buffers

into smaller groups called buffer groups. The assignment of a buffer to VNets is

done at the granularity of the buffer groups instead of sequential fixed allocation.

The buffer groups are reshuffled among the VNets at run-time depending on their

write counts. This reallocation is done at fixed intervals during execution. Note

that every VNet may require one or more buffer groups, which will then be dis-

tributed among the VCs belonging to that VNet. This proposed policy is called

Dynamic-WVAR (Dy-WVAR), which dynamically assigns write variation aware

buffer groups to VNets and additionally performs WVAR within each VNet.

Figure 4.3 shows the buffer groups and their allocation to VNets at a given time

instant (t1). Each buffer group is shown with a different shade and the VNet

associated to the buffer group(s) (figure 4.3(a)). The figure also shows the logical

assignment of buffer groups to VCs within each VNet. Some VNets have VCs

requiring multiple buffer groups, while certain other VNets have VCs sharing a

buffer group. For example, a data VNet will use multi-buffer groups as it received

packets with multiple flits; whereas control VNets will have VCs that use a single

buffer. Formally, the VNets can be seen as an array of pointers pointing to the

assigned buffer-group, as shown in figure 4.3(b).
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Figure 4.4: Buffer allocation for Dy-WVAR policy at timestamp t2.

4.3 Inter-VNet policy: Dy-WVAR

Write counts are associated with each buffer group as well as with each VNet.

With a given assignment, the execution continues over an interval. At the end of

an interval, depending on the write counts of the buffer groups and the write counts

of the VNets, reallocation of buffer groups to VNets takes place. In particular,

buffer groups having more write counts are allocated to VNets incurring less write

counts. This helps in balancing the number of writes and reducing write variation.

Figure 4.4(a) shows the new assignment of buffer groups to VNets at a later

timestamp (t2). Figure 4.4(b) shows the new pointer assignments.

At the end of each interval, the reallocation must take place. For this, we need

the sorted order of the write counts for the buffer groups as well as for the VNets.

This sorted order can be obtained in the background towards the end of each

interval. The reallocation, however, will require to stall the router pipeline. This

is because, during reallocation, we need to update the VNet pointers to point

to the new group of buffer assigned to it. Here, we need one extra set of buffer

group as swap space; and need O(n) time to reallocate the pointers of VNets to

the new set of buffer groups (n is the number of buffer groups at the input port).

This additional swap space and the stall overhead are taken into account in our

simulations. The detailed process is elaborated in Algorithm 5.

TH-2947_126101001



Chapter 4. Wear Levelling by Dynamic Buffer Assignment to VCs 100

Algorithm 5 Dy-WVAR Algorithm

1: I : Number of Input ports
2: V : Set of Virtual networks at input port
3: Av : Set of Virtual channels at virtual network v
4: Int : Predefined interval
5: n : Number of Virtual networks at input port
6: G : Number of buffer groups
7: gi : Number of buffer groups required by virtual network i (Within each VNet

these gi are sequentially allocation to VCs.)
8: wvi : Number of writes in virtual network i, 0 ≤ i < n
9: wbj : Number of writes in buffer group j, 0 ≤ j < G

10: In the beginning of execution, sequentially assign the buffer groups to the
virtual networks and run the program for Int number of cycles.

11: Increment the counter wvi on every write to the virtual network i
12: Increment the counter wvi on every write to the buffer group j
13: At the end of Int cycles do
14: Sort array wv in ascending order
15: Sort array wb in descending order
16: Starting from index-0 of both arrays, successively assign buffer groups to

VNets. {The sorting guarantees that VNet incurring maximum writes
17: will get buffer group incurring least writes.}
18: for Every VC allocation stage do
19: call f(WVAR VCalloc()) { as given in Algorithm 1 }
20: end for
21: Repeat from line 13 till end of execution

4.3.1 Algorithm

Apart from the parameters of Algorithm 1, we use some additional ones in the

proposed method. G denotes the total number of buffer groups formed by grouping

two or more buffers [algo 5, line 6]. From these groups, for every virtual network

i assign gi number of groups depending on its requirement [algo 5, line 7]. Within

the VNet, the gi groups are distributed among the VCs. We use two arrays of

counters: wv and wb. Here wv maintains the write counts incurred by every

virtual network [algo 5, line 8] and wb maintains the write counts incurred by

every buffer group [algo 5, line 9].

Initially assign the buffer groups sequentially to every VNet and run the applica-

tion for the given interval Int [algo 5, line 10]. The write counters are updated

during the interval [algo 5, line 11, 12]. Towards the end of the interval, the write
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count arrays wv and wb are sorted in ascending and descending order, respec-

tively [algo 5, line 14, 15]. At the end of the interval, we need to reassign the

buffer groups incurring maximum write to the VNet incurring the least number of

writes. This is done with the help of the two arrays wv and wb [algo 5, line 16].

Note that while updating the contents of the VNets, we need to stall the router

pipeline. Here, the content to be written in the VNet array using the sorted arrays

wv and wb is known; therefore, we need O(n) time for the task. We also need

an additional constant number (one in our case) of extra buffer group as swap

space. The stall required at the end of each interval is taken into account in our

simulation environment.

After the buffer group reallocation, run the application for another interval. Dur-

ing the interval, for every VC allocation instance, Dy-WVAR policy uses the

WVAR algorithm (cf. function given in Algorithm 1) [algo 5, line 18 - 20].

4.3.2 Working Example

The figure 4.3 shows VC-buffer mapping scenario in time interval Int1 (time t1).

This is the scenario of very first interval when application execution begins. The

buffer group bg0 and bg1 is mapped to vc0 of V Net0, bg2 and bg3 to vc1 of V Net0

and so on. During the current interval, the packets coming for VC vci will get

written to its associated buffer group, say bgj, incrementing the number of writes

to this buffer group in particular. Later in the interval Int2 (time t2), the mapping

of VCs with buffer groups changes due to the disparity in the number of writes

among buffer groups. The VC, which has the maximum number of writes during

the previous interval, gets assigned to the buffer group with minimum write count.

Figure 4.4 shows the scenario at a later timestamp t2. Due to this methodology,

the packets are evenly distributed among buffer cells, increasing the lifetime of

individual buffers.
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Figure 4.5: Average packet latency in SRAM, WVAR, Hy-WVAR and Dy-
WVAR policy in 4× 4 mesh network (lower is better).

4.4 Inter-VNet policy: Hy-Dy-WVAR

The above section discussed the Dy-WVAR policy which performs dynamic allo-

cation of buffer groups and helps in distributing the write evenly across VNets.

However, it still inherits the drawback of WVAR, in that the use of all STT-RAM

buffers tends to slow down the network. Towards resolving this, similar to the

proposed Hy-WVAR (cf. section 3.4), we propose the use of an additional SRAM

channel to be used in case of heavy network traffic. We rightfully call this pol-

icy Hybrid Dynamic WVAR, Hy-Dy-WVAR. As STT-RAM-based buffers have

limited write endurance, they follow the allocation policy as mentioned in algo-

rithm 2. We have additional buffers allocated to each VNet that are made up of

SRAM. The policy assigns buffers to VNets as per Dy-WVAR (cf. Algorithm 5)

and within the VNet, depending on the traffic, the additional SRAM VC is used

over the interval.

The procedure is similar to Algorithm 5 with the difference that during VC

allocation stage [algo 5, line 17], invoke Algorithm 2 instead of the function

WVAR VCalloc() from Algorithm 1.

4.5 Experimental Evaluation

We evaluate our proposed approaches on a full system Gem5 [168], a multi-core

simulator, with Garnet2.0 [169] as the interconnection network model for NoC
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Parameter SRAM Drowsy-SRAM STT-RAM
write latency (cycle) 1 1 2
read latency (cycle) 1 1 1
read energy/bit (pJ) 0.026 0.026 0.022
write energy/bit (pJ) 0.0363 0.0363 0.182
leakage power (mW) 0.206 0.052 0.067

Table 4.1: SRAM and STT-RAM buffer configuration

Parameter Details
core count 16, 64, 2GHz
topology 4 × 4 mesh, 8 × 8 mesh
L1 I & D cache , L2 cache 64KB, 64KB , 16MB (64B block size)
router pipeline 3 stage, 16B flit
Packet size control 1 flit, data 5 flits
virtual network count 3 per port with 4 VC per VNet
virtual channel depth 1 buffer for control, 4 buffers for data VC
counter size 2B
buffer group count 6 (4 buffers each group)

Table 4.2: System and interconnect configuration

performance. We use DSENT [170] for router power analysis at 32nm technology.

We evaluate 16 core system with 4 × 4 and 64 core system with 8 × 8 mesh

network with a buffer depth of data VCs 4. The detailed system configuration is

given in table 4.2. We use CACTI-STT [171] and NVSIM [172] to get SRAM and

STT-RAM latency, read-write energy and leakage power. Table 4.1 shows all the

obtained timing and energy parameters. We evaluate our work with PARSEC [174]

and SPEC [173] benchmark suites. The acronym used for benchmarks is given

in table 4.3. From the list of SPEC benchmarks, we made 12 multi-programmed

workloads for 16 cores and 6 for 64 cores. The list of the mix of multi-programmed

workload is given in table 4.4. We warm up each multi-programmed workload for

1 billion instructions and run for 100 million instructions.

Parsec Benchmarks
Canneal (Cann), Dedup (Dedp), Fluidanimate (Flud), Freqmine (Freq),

Streamcluster (Strm), X264 (X264)
SPEC Benchmarks

astar (as), bzip2 (bz), cactusADM (ct), calculix (cl), dealII (dl), gamess (ga),
gcc (gc), gobmk (go), gromacs (gr), h264ref (hr), hmmer (hm), leslie3d (ls),

libquantum (lb), mcf (mf), milc (ml), namd (na), omnetpp (om),
perlbench (pb), sjeng (sj), soplex (sp), tonto (to), zeusmp (ze)

Table 4.3: Benchmark acronym
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Mix 16 cores Mix 64 cores

0 4×hr, 4×lb, 4×ls, 4×mf
0

8×hr, 8×mf, 8×lb, 8×ls,
8×ct, 8×ze, 8×ga, 8×gr1 4×ct, 4×ga, 4×gr, 4×ze

2 4×ga, 4×gr 4×hr, 4×mf
1

8×hr, 8×mf, 8×dl, 8×ls,
8×ct, 8×ze, 8×ga, 8×gr3 4×dl, 4×ct, 4×ls, 4×ze

4 4×gc, 4×lb, 4×om, 4×pb
2

8×bz, 8×gc, 8×hm, 8×lb,
8×ml, 8×om, 8×pb, 8×sp5 4×bz, 4×hm, 4×ml, 4×sp

6 4×gc, 4×hr, 4×ml,4×pb
3

8×as, 8×gc, 8×go, 8×hm,
8×lb, 8×ml, 8×om, 8×pb7 4×bz, 4×lb, 4×om, 4×sp

8 4×dl, 4×hr, 4×sj, 4×to
4

8×dl, 8×sj, 8×hr, 8×to,
8×as, 8×na, 8×go, 8×cl9 4×as, 4×cl, 4×go, 4×na

10 4×go, 4×na, 4×sj, 4×to
5

8×as, 8×cl, 8×dl, 8×go,
8×hm, 8×na, 8×sj, 8×to11 4×as, 4×cl, 4×dl, 4×hm

Table 4.4: Multi-programmed workloads

4.5.1 Evaluation Metrics

Improvements in the lifetime and write variation are shown with respect to the

baseline, (STT-Base), using STT-RAM buffers having the same number of VCs

per VNet as the proposed techniques. Reduction in total energy, EDP gain, and

network latency comparison are shown with respect to the baseline, (SRAM ),

using pure SRAM buffers. The reference value for ThInt and Int are taken 2

millions cycles.

Results and Analysis is presented in the following subsections.

4.5.2 Write Variation

Figure 4.6: Percentage reduction in Intra-VNet Write variation for proposed
policies w.r.t. STT-Base in 4× 4 mesh network (higher is better).

Reduction in Intra-VNet write variation for all proposed methods is shown in

Figure 4.6 w.r.t. to STT-Base technique. Table 4.5 shows the reduction in write

variation of all policies with respect to each other and baseline for a 4x4 mesh as
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Figure 4.7: Percentage reduction in Inter-VNet Write variation for proposed
policies w.r.t. STT-Base in 4× 4 mesh network (higher is better).

well as 8x8 mesh setup. Note that negative value in the table (row 2, 3, 7, 8 and

10) implies the increase of write variation. All the four policies: those targeting

Intra-VNet (WVAR and Hy-WVAR) and those targeting Inter-VNet (Dy-WVAR

and Hy-Dy-WVAR) reduce the Intra-VNet write variation beyond 99% (row 1,

6). The average value of write variation in the baseline is around 43% and, the

proposed policies bring this value down to almost 0%. In the proposed methods,

write into VC for each virtual network is more evenly distributed than the default

method of baseline, which is evident from almost nil write variation. Uniform

distribution of writes in VNet across VCs ensures a longer lifetime of the VC

buffers.

Reduction in Inter-VNet write variation for all proposed methods is shown in

Figure 4.7 w.r.t. STT-Base technique. As expected the Inter-VNet policies Dy-

WVAR and Hy-Dy-WVAR reduce the write variation to almost 0% over the base-

line (row 2 and 7), WVAR (row 3 and 8) and Hy-WVAR (row 4 and 9). However,

Hy-Dy-WVAR shows similar improvement over Dy-WVAR policy (row 5 and 10).

The policies targeting only Intra-VNet write variation do not affect the Inter-VNet

variation as they are not capable of handling the same. WVAR does not affect the

Inter-VNet variation. In some cases, Hy-WVAR is seen to increase the Inter-VNet

write variation. This is because of using the additional SRAM VC which changes

the allocation pattern of STT-RAM VCs across VNets depending on the traffic

load. This increase is however marginal (also seen in table 4.5, row 2, 3, 7 and 8).

In all cases, the proposed Inter-VNet policies improve the write variation.

TH-2947_126101001



Chapter 4. Wear Levelling by Dynamic Buffer Assignment to VCs 106

Network
size

Reference
policy

Write
variation

WVAR
Hy-

WVAR
Dy-

WVAR
Hy-Dy-
WVAR

Row

4X4

STT-Base
Intra-VNet 99.97 99.99 99.99 99.99 1
Inter-VNet 1.15 -10.43 99.31 99.57 2

WVAR Inter-VNet - -12.20 99.30 99.56 3
Hy-WVAR Inter-VNet - - 99.35 99.60 4
Dy-WVAR Inter-VNet - - - 0.31 5

8X8

STT-Base
Intra-VNet 99.64 98.99 99.65 99.20 6
Inter-VNet 0.20 -4.96 99.44 97.04 7

WVAR Inter-VNet - -5.17 99.43 97.04 8
Hy-WVAR Inter-VNet - - 99.46 97.18 9
Dy-WVAR Inter-VNet - - - -3.88 10

Table 4.5: Percent reduction in write variation for all policies.

4.5.3 Relative Lifetime

Figure 4.8: Normalized buffer lifetime in proposed policies w.r.t. STT-RAM
baseline in 4× 4 mesh network (higher is better).

Figure 4.8 shows lifetime comparison of proposed methods against STT-Base.

Table 4.6 lists the improvement values for all proposed policies with respect to

each other and the STT-Base. Note that the table contains the geometric mean

of all simulations run on benchmarks mentioned in tables 4.3 and 4.4. Compared

to STT-Base, the proposed methods largely improves the lifetime (row 1 and 5).

These improvements are basically due to the reduction of Intra-VNet and Inter-

VNet write variation by the proposed methods as reported in table 4.5 (table 4.5,

row 1, 2, 6 and 7). In particular, over STT-baseline, the lifetime improvements

values are 19.92 times and 55.5 times for Dy-WVAR and Hy-Dy-WVAR in 4× 4

mesh network and 12.6 times and 55.68 times in 8 × 8 mesh network. However,

we observed that in Hy-WVAR and Hy-Dy-WVAR, the lifetime enhancement is

more than the WVAR and Dy-WVAR (row 2, 4, 6 and 8). For instance, lifetime

improves by 3.24 times and 19.3 times for WVAR and Hy-WVAR, respectively in

4× 4 mesh network.
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Network
size

Reference
policy

WVAR
Hy-

WVAR
Dy-

WVAR
Hy-Dy-
WVAR

Row

4X4

STT-Base 3.24 19.3 19.92 55.5 1
WVAR - 5.95 6.2 17.11 2

Hy-WVAR - - 1.03 2.9 3
Dy-WVAR - - - 2.8 4

8X8

STT-Base 2.8 13.1 12.6 55.68 5
WVAR - 4.69 4.49 19.86 6

Hy-WVAR - - 0.96 4.24 7
Dy-WVAR - - - 4.42 8

Table 4.6: Lifetime comparison (in times) for all policies.

In 8× 8 mesh network, the lifetime enhancement is 2.8 and 13.1 times for WVAR

and Hy-WVAR respectively. These improvements are because of the usage of ad-

ditional SRAM buffers in hybrid techniques. In other words, these SRAM buffers

of hybrid techniques lessen the overall writes of STT-RAM buffers during high

network traffic load. The newly proposed Inter-VNet policies: Dy-WVAR and

Hy-Dy-WVAR are used to counter both Inter-VNet and Intra-VNet write varia-

tion and hence improve the lifetime more than the Intra-VNet policies (row 2, 3, 6

and 7). This improvement in the lifetime is due to the even distribution of writes

across all the buffers. For example, the improvement in Dy-WVAR is 6.2 times in

4× 4 and 4.49 times in 8× 8 network over Intra-VNet policy WVAR.

4.5.4 Network Latency

Figure 4.9: Normalized packet latency of proposed policies w.r.t. SRAM
baseline in 4× 4 mesh network (lower is better).

Figure 4.9 shows the latency graph of proposed techniques against SRAM baseline.

The write cycles of STT-RAM-based VCs are 2 cycles. Using STT-RAM-based

VCs, the network latency is increased by 23% in 4×4 network for WVAR. However,
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Hy-WVAR attempts to reduce this and achieves network latency of 16% over

SRAM, which is 6.24% improvement over WVAR.

The Inter-VNet policies further increase the latency as there is a stall introduced

at the end of each interval to re-organise the VNet pointers. The average packet

latency observed in Dy-WVAR policy is 27% over baseline SRAM. The Hy-Dy-

WVAR policy brings it down to 22% w.r.t. SRAM, which is 4.35% improvement

over Dy-WVAR. Thus, there is a trade-off between interval duration and an in-

crease in packet latency. For shorter intervals, the stall will be introduced several

times over the execution, increasing the packet delay. Whereas, longer intervals

will alleviate this effect. A comparative analysis of the size of intervals on various

metrics is done in a further section.

Network
size

Reference
policy

WVAR
Hy-

WVAR
Dy-

WVAR
Hy-Dy-
WVAR

Row

4X4

SRAM 23 16 27 22 1
WVAR - -6.24 2.48 -1.21 2

Hy-WVAR - - 8.63 4.69 3
Dy-WVAR - - - -4.35 4

8X8

SRAM 25 12 27 21 5
WVAR - -12.5 1.8 -1.8 6

Hy-WVAR - - 15.7 11 7
Dy-WVAR - - - -3.7 8

Table 4.7: Percentage increase in packet latency comparison for all policies.

Table 4.7 shows a comparison of packet latency for all policies with reference

policies for a 16-core and 64-core setup. Note that negative values shown in the

table denotes the reduction in average packet latency. As we can see in the table

the Hy-WVAR and Hy-Dy-WVAR policies show the least value in latency (row 2,

4, 6 and 8); whereas, Dy-WVAR policy shows the maximum increase (row 1, 3, 5

and 7).

4.5.5 Energy Analysis

The figure 4.10, shows the normalised total router energy of SRAM baseline and

proposed policies for 4 × 4 mesh network, normalised w.r.t. SRAM baseline. As

static energy is significantly reduced on account of STT-RAM buffers, we get

overall energy savings. In particular, on average total energy is reduced by 56%
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Figure 4.10: Normalized total energy of proposed policies w.r.t. SRAM base-
line in 4× 4 mesh network (lower is better).

and 46% in WVAR and Hy-WVAR respectively. The average reduction of total

energy in Dy-WVAR and Hy-Dy-WVAR are 55.1% and 45.6% respectively.

The Table 4.8 shows the savings in total router energy for all policies compared

with the reference policy in column-2. Note that the table contains the geometric

mean of all simulations run on benchmarks mentioned in tables 4.3 and 4.4. In

16-core setup, WVAR and Dy-WVAR save 55.97% and 55.88% of total energy

whereas Hy-WVAR and Hy-Dy-WVAR save 46.2% and 45.65% of total energy

respectively. The total energy consumption increases in Hybrid policies due to

the usages of SRAM based VCs. When we compare total energy w.r.t. WVAR

policy, the energy overhead in HY-WVAR and Hy-Dy-WVAR has been observed

as 22.19% and 23% whereas Dy-WVAR shows energy savings by −0.2% (table 4.8,

row 3). Similar results are seen for 64-core setup.

Figure 4.11: Normalized CPI for proposed policies in 4 × 4 mesh network
(lower is better).
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Figure 4.12: Normalized EDP gains of proposed policies over SRAM baseline
in 4× 4 mesh network (lower is better).

4.5.6 EDP Gain

The increase in network latency affects performance. In particular, we observe

that CPI degrades by 1.5% in Intra-VNet policies and 4% in Inter-VNet policies,

over baseline SRAM. Figure 4.11 shows normalized CPI. However, the savings in

static energy are significant and thus leads to an improved EDP. Table 4.8 also

shows the gains in EDP. This depicts the impact of the increase in packet latency

and savings in static energy on the overall energy-delay-product of the system.

On average, we get 55.99% and 55.33% EDP gain in WVAR and Dy-WVAR over

baseline SRAM (Figure 4.12). Whereas, policies Hy-WVAR and Hy-Dy-WVAR

show 46.80% and 45.87% gain. The detailed comparison with reference policies

is given in table 4.8. Note that negative entry in the table represents the loss in

EDP.

Network Ref.
Metric WVAR

Hy- Dy Hy-Dy-
Row

Size Policy WVAR WVAR WVAR

4X4

SRAM
Energy 55.97 46.20 55.88 45.65 1
EDP 55.99 46.80 55.33 45.87 2

WVAR
Energy - -22.19 -0.20 -23.43 3
EDP - -20.87 -1.50 -22.99 4

Hy-WVAR
Energy - - 18.00 -1.017 5
EDP - - 16.03 -1.76 6

Dy-WVAR
Energy - - - -23.19 7
EDP - - - -21.20 8

8X8

SRAM
Energy 58.48 53.35 57.26 47.46 9
EDP 59.14 54.45 56.73 48.56 10

WVAR
Energy - -12.35 -2.94 -26.55 11
EDP - -11.47 -5.92 -25.89 12

Hy-WVAR
Energy - - 8.37 -12.64 13
EDP - - 5.00 -12.93 14

Dy-WVAR
Energy - - - -22.93 15
EDP - - - -18.85 16

Table 4.8: Router Energy Savings and EDP gains for all policies.
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4.5.7 Analysing the effect of interval size

Interval
Inter-VNet

Write-variation
Normalized

Lifetime
Latency

(in cycles)
Baseline 122.76 1 18.97

1M 0.25 19.97 24.20
2M 0.60 19.92 24.07
5M 1.35 19.80 24.07
10M 2.76 19.70 24.02

Table 4.9: Interval analysis for Dy-WVAR policy in 4×4 mesh network w.r.t.
baseline.

The proposed Inter-VNet write variation policies perform the reallocation of buffer

groups at the end of a given interval. Here, we analyse the effect of this inter-

val duration on the various performance metrics. Change in interval affects the

mapping of the buffer groups and thus affects the way the writes get distributed

across groups/VNets. During every reallocation, the router pipeline is stalled for

some cycles which affect the packet latency. Thus, if the interval duration is short,

then the effect on latency is more compared to that in a longer interval. Table

4.9 shows the effect of different interval sizes on packet latency by applying the

proposed policy Dy-WVAR. The table also shows that smaller intervals have bet-

ter control over the Inter-VNet write variation (row 2). Write variation is very

minimal for small intervals, and it increases slightly for longer intervals (row 4 and

5). A similar trend is seen in lifetime values. Smaller intervals have better control

over variation and hence give a better lifetime improvement value compared to a

longer interval.

4.5.8 Comparison with existing policy Hybrid-Drowsy [1]

 100  110

 101  111

Th1

Th3
Th2Th4

X: VC 0
Y: VC 1
Z: VC 2 & 3

 Drowsy VCs

 STT-RAM VCs0: inactive 1: active
Figure 4.13: State transition diagram showing various power-on-off states of

VCs [1].
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The existing literature has contributions that use STT-RAM-based buffers in NoC;

however, none of them has targeted the lifetime issue by reducing the write vari-

ation. The contribution in [1] uses a combination of SRAM VCs and STT-RAM

VCs, termed as the hierarchical buffer architecture. Based on the traffic load,

the VCs are power-gated and/or made drowsy. The proposal uses one SRAM VC

that is always powered-on and another SRAM VC that can be kept in low power

(drowsy) mode when not in use. Additional STT-RAM-based VCs are kept power

gated in low traffic and are turned on during medium to heavy network traffic.

Figure 4.13 shows the state transition diagram for VCs with traffic load. Here, the

VCs are divided into three levels. The first level (X) has an SRAM based virtual

channel, V C0, which is active all the time. Whereas next level (Y) SRAM based

virtual channel, V C1, switch between power-ON and drowsy state with traffic

load. The third level (Z) virtual channels are STT-RAM-based and get activated

only to accommodate heavy traffic load. The threshold values are formulated on

buffer occupancy. Initially, the traffic load is low and only first level VC is active

(figure 4.13, state 100). When traffic exceeds Th1 (more than Th1 level of buffer

occupancy), the second level VC gets activated (shown in figure 4.13, state 110).

The further increase of network load causes third level VCs to activate if the load

is more than Th2 (shown in figure 4.13, state 111). The wake-up latency of STT-

RAM is much higher than drowsy SRAM VCs and hence when network traffic

reduces to medium load (less than Th3) from high load state, the drowsy SRAM

VCs gets deactivated (figure 4.13, state 101). Also VC state transition happens

from 101 to 111 when current state is 101 and network traffic exceeds Th3. When

network traffic decreases further (gets lower than Th4), the STT-RAM VCs gets

power-gated (state 100).

Policy
Intra-VNet
Write Var

Inter-VNet
Write Var

Lifetime
Energy
savings

(%)

EDP
gain
(%)

Latency
increase

(%)
Hy-drowsy 131 % 286 % 17.9 27.83 27.64 10.2
Dy-WVAR 0.00025 % 0.53 % 19.92 57.18 57.43 27

Table 4.10: Hy-drowsy policy details with base comparison in 4 × 4 mesh
network.
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This contribution aims to reduce the power consumption of the NoC routers. The

difference with our proposed methods is that our methods try to reduce write

variation and hide the latency by using only one additional SRAM VC, and at the

same time save power consumption by using maximum STT-RAM-based VCs.

The comparison of the Hy-Drowsy and Dy-WVAR policies with the baseline is

shown in table 4.10. Compared to Hy-Drowsy, except latency; the Dy-WVAR

performs better in each and every metrics with respect to baseline, which is shown

in row 2 of table 4.10. This shows the effectiveness of our proposed technique:

Dy-WVAR. The Hy-Drowsy policy shows an average of 131% of write variation

across VCs in virtual networks and 286% of write variation across buffer groups.

This impacts the lifetime of STT-RAM-based buffers. Since the policy uses two

SRAM base VCs per virtual network, the average lifetime of a buffer is 17.9 times

with respect to STT-Base, which is little less than our proposed policy Hy-WVAR

which uses only one SRAM based VC per virtual network. Uses of SRAM VCs

balances the latency increase caused by STT-RAM-based VCs. Hence, the latency

increase is less with respect to proposed policies. The uses of two drowsy SRAM

based VCs balance static energy and hence EDP. The policy shows 27.83% savings

in total energy and 27.64% EDP gain with respect to SRAM baseline.

Note that the hybrid-buffer design of [1] has an additional overhead to wake up

drowsy VCs. There is also no implicit support for improving the lifetime of buffers.

Thus, our proposed policies not only reduce energy consumption but also improve

the lifetime of STT-RAM-based NoC buffers.

4.5.9 Analysis using Synthetic Workloads

To study the impact of proposed policies on the packet latency, we performed

simulations on a 256-core, i.e. 16 × 16 mesh network using synthetic traffic pat-

terns [175]. We analyse the effect on packet latency by varying the injection rates.

We also show the performance of our proposed policies by scenarios where the VCs

per VNet are different as well as cases when the buffer depth for VCs carrying data

packets is changed.
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4.5.9.1 Latency Analysis

Figure 4.14: Performance Comparison under Uniform-Random Synthetic
Workloads in 16×16 mesh network.

Figure 4.15: Performance Comparison under Nearest-Neighbour Synthetic
Workloads in 16×16 mesh network.

Figure 4.16: Performance Comparison under Bit-Compliment Synthetic
Workloads in 16×16 mesh network.

Figure 4.14 shows performance comparison of proposed policies with the SRAM

baseline under uniform-random synthetic workload. On account of the slow write

speed of STT-RAM, the packets take slightly more time to reach the destinations.

As expected, the latency of Hy-WVAR policy lies between the latency values

for SRAM and WVAR, and both the proposed policies reach saturation earlier
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than the baseline SRAM. WVAR increases latency by 22% on average, whereas

Hy-WVAR shows latency improvement by 9.4% w.r t. WVAR. Dynamic policies

increase latency by 29% and 22% respectively.

In neighbour synthetic workload, figure 4.15, WVAR, and Dy-WVAR performance

degrades and latency grows very high, which is 20% and 28% over SRAM. The

hybrid policies, Hy-WVAR and Hy-Dy-WVAR, shows 16% and 19% more latency

with respect to SRAM.

The figure 4.16 shows performance comparison of proposed policies under bit-

compliment traffic pattern. As expected, the WVAR and Dy-WVAR increase

latency by 23% and 26% respectively and Hybrid policies, Hy-WVAR and Hy-Dy-

WVAR, brings it down to 7% and 20% respectively.

Note that as Dy-WVAR stalls the router pipeline at the end of each interval, this

policy saturates slightly before the other policies.

4.5.9.2 Effect of Threshold value

Figure 4.17: Threshold analysis for Hy-WVAR policy with Synthetic Work-
loads in 8×8 mesh network.

The usage of SRAM based virtual channel in Hy-WVAR and Hy-Dy-WVAR poli-

cies depends on the threshold used to decide traffic load. Lower threshold value

ensures more frequent writes in SRAM based VC. Figures 4.17 and 4.18 shows the

effect on network latency using different threshold values under uniform-random

traffic pattern. Higher threshold reduces the number of writes in an SRAM based

virtual channel which results in more average packet latency. Thus, there is a
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Figure 4.18: Threshold analysis for Hy-Dy-WVAR policy with Synthetic
Workloads in 8×8 mesh network.

trade-off between packet latency and power. If the threshold is less, latency is

less, but it incurs more leakage power due to the use of SRAM. On the other

hand, a higher threshold saves leakage but incurs more packet delays.

4.5.9.3 Effect by varying VCs-per-VNet and Buffer capacity

Our policies perform consistently, even when the VCs per VNet is changed. They

also perform consistently when the buffer depths assigned to data VNets are varied.

The results are shown in the table 4.11 and 4.12.

Policy
VC
per

VNet

Intra-VNet
Write Var
reduction

Inter-VNet
Write Var
reduction

Lifetime
improvment
(in times)

Latency
increase

(%)
Row

WVAR
4 99.99 5.18 2.37 21.73 1
6 99.99 4.12 3.56 21.68 2
8 99.99 3.61 4.70 21.63 3

Hy-WVAR
4 99.99 -9.08 4.86 12.84 4
6 99.99 19.64 7.28 12.92 5
8 99.99 31.29 9.70 12.95 6

Dy-WVAR
4 99.99 97.88 2.54 29.67 7
6 99.99 98.71 3.81 28.89 8
8 99.99 99.91 5.10 28.85 9

Hy-Dy-WVAR
4 99.99 99.44 7.01 22.42 10
6 99.99 98.95 10.48 22.36 11
8 99.99 98.73 12.45 22.32 12

Table 4.11: Performance analysis of proposed policies for different VC-per-
VNet values in 16×16 mesh network.
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Policy
Data
VC

depth

Intra-VNet
Write Var
reduction

Inter-VNet
Write Var
reduction

Lifetime
improvement

(in times)

Latency
increase

(%)
Row

WVAR

2 99.99 7.25 1.8 21.88 1
4 99.99 5.18 2.37 21.73 2
6 99.99 3.09 2.96 21.52 3
8 99.99 3.09 2.96 21.52 4

Hy-WVAR

2 99.99 -29.07 3.37 13.78 5
4 99.99 -9.08 4.86 12.84 6
6 99.99 -3.96 4.9 12.17 7
8 99.99 -3.96 4.9 12.17 8

Dy-WVAR

2 99.99 97.45 2.48 24.03 9
4 99.99 97.88 2.54 29.67 10
6 99.99 97.99 3.4 31.17 11
8 99.99 97.99 4.24 31.17 12

Hy-Dy-WVAR

2 99.99 99.58 5.6 22.36 13
4 99.99 99.44 7.01 22.42 14
6 99.99 99.35 8.69 22.19 15
8 99.99 99.35 10.86 22.19 16

Table 4.12: Performance analysis of proposed policies for different data VC
depth in 16×16 mesh network.

4.6 Storage Overhead Analysis

The counter for each virtual channel can be reset when any one of the counters in

a virtual network reaches its maximum value. This multiple times counter-reset

allows us to use small counter such as 2B. Therefore storage overhead for each

virtual channel will be 2B , which is a total of 24B for given system parameters

in table 4.2. The number of buffers at any input port is 24; hence the total size

will be 384B. The counter storage overhead in WVAR and Hy-WVAR policy is

6.25% w.r.t. SRAM baseline design.

The area occupied by STT-RAM is one-third of the area consumed by SRAM

memory cells. Hence, overall the buffer area, including counters, is reduced by

60.42% per port when we replace SRAM with WVAR based designs. In Hy-

WVAR design counter overhead is same as WVAR design whereas total area is

reduced by 35.42% with respect to SRAM baseline design.

The Inter-VNet policies use additional counters and swap space with the buffer

groups. These make the overall storage overhead to 26%. In this case, the overall

reduction in the total area over SRAM design is 51.56% and 31.25% respectively

for Dy-WVAR and Hy-Dy-WVAR. Note that all counters are SRAM based.
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4.7 Summary

NoC is the backbone of communication for today’s chip multiprocessors and also

a significant contributor to the power budget. Specifically, the buffers at the

ports consume more power in terms of leakage. This chapter proposed to use

NVM based STT-RAM buffers as they promise high density and low leakage. The

major drawbacks of STT-RAM are their low write endurance which can affect the

lifetime of the buffers. Towards this, the work proposed policies to reduce write

variation across buffers.

The proposed policies: Dy-WVAR and Hy-Dy-WVAR aim to further enhance

the lifetime of the STT-RAM buffers by distributing the writes in buffers across

VNets: Inter-VNet write variation. To control the variation across VNets, we

proposed to create buffer groups which were dynamically assigned to the VNets

at runtime depending on their write counts. In particular, VNets incurring more

write were subsequently assigned to buffer groups incurring lesser writes during

an interval. These policies reduce write variation to almost 0% and improve the

lifetime by 19.92 and 55.5 times over baseline STT-RAM design. The pure STT-

RAM design Dy-WVAR increases latency by 27% over SRAM, which is rectified

by the Hy-Dy-WVAR design, which makes the latency 22% over SRAM.

This work has thus demonstrated that careful management of writes in NVM

buffers can make them a viable replacement for power-hungry SRAM buffers.
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Chapter 5

Power saving using Frequency

Scaling and Power Gating

Whenever writes are incurred by the buffers, our previous two chapters distributed

them evenly across the buffers, thus improving the overall lifetime of the buffers.

Along with lifetime enhancement, our supplementary aim is to save energy. In

this chapter, we investigate various methods in which energy can be saved, which

include frequency scaling and/or power gating less used router components. In the

context of dark silicon, most of the processing elements (PEs) will be powered off;

however, the network is expected to be available. To keep the network on and at

the same time save energy, we propose to scale the frequency of the routers (using

only SRAM based buffers) attached to powered-off PEs. Frequency scaled routers

will be slow in transmission; however, as the traffic is expected to be lesser, this

speed degradation does not have a significant impact on the performance. If we

use all STT-RAM buffers, then frequency scaling is not required as STT-RAM has

negligible leakage. However, to overcome the latency degradation due to slower

writes in NVM, we also use SRAM based VCs forming a hybrid combination. If

the PE is powered-off (on), then the SRAM VCs are powered off (on). Other

proposals include giving priority to packets carrying critical words, which are sent

via faster SRAM VCs irrespective of the PEs power-on status.

119
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5.1 Introduction

In order to control on-chip leakage power, among others, dark silicon has emerged

as a promising paradigm. The architecture community now has to address new

challenges for the design and management of processors in the dark silicon era.

The on-chip communication infrastructure (Network on-Chip-NoC) should be able

to cope with connecting nodes operating at different frequencies: powered-on,

powered-off, voltage scaled, etc. This diverse requirement has put the NoC re-

searchers to invest in designing routers that are low power and, at the same time,

do not compromise on throughput. In the presence of dark silicon, the processing

cores are turned off when not in use; however, the on-chip interconnect is expected

to be available to maintain the connectivity. In other words, the routers connected

to powered down processing elements are kept on.

Buffers consume maximum static power, and static power dominates dynamic

power at smaller technology nodes [176]. As discussed in Chapter 2, to reduce the

standby power of buffers, Non-Volatile Memory (NVM) technologies can be used

as an alternative for router buffer. In this work, we exploit the fact that buffers

consume maximum power and attempt to save power at the level of buffers. We

keep the routers always powered-ON to keep constant connectivity in the dark

silicon. To further save leakage power, in this chapter, we propose five policies:

• gBUF-DN: We use all SRAM buffers in the router and keep most of the buffers

powered-gated for the nodes with processing elements powered off.

• SRAM-FRQSCL: We use all SRAM buffers in the router and lower down the

frequency of buffers for the associated powered OFF processing element.

• Hy-SEL-ON: Here, we have used hybrid VCs that incorporate a large number

of NVM VCs and a small number of SRAM based VCs at each port of router

buffer. We keep a certain number of SRAM and STT-RAM router buffers ON

based on the status of the processing element.
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• Hy-NEIG-SEL-ON: This extends the above policy. The buffers of neighbouring

routers having a connection with this router are selectively power gated.

• Hy-CRIT-WRD: We attempt to hide the latency increase due to NVM buffers

by optimizing the transfer of critical words through the network.

Thus by proposing various design alternatives for buffer management, we investi-

gate their applicability towards supporting dark silicon-based CMPs.The objective

is to reduce overall energy consumption and, at the same time, maintain connec-

tivity with low latency overheads.

There are few works done to improve energy saving for SRAM buffer based designs,

which are based on frequency scaling, router power gating or buffer power gating

(c.f. section 2.4). A few of the existing techniques show a significant amount

of energy-saving; however, it suffers from wake-up energy overhead, delay and

performance loss. The NVM buffer has nearly zero leakage power consumption.

However, it suffers from costly write operations and weaker write endurance. Im-

plementing these techniques with NVM based buffers will result in the adverse

effect of router wake-up overhead, as the writes in NVM consumes more cycles

than writes in SRAM. Also, NVM buffer power gating will not result in signifi-

cant leakage energy saving since it has very less leakage power consumption. In

addition to this, the existing approaches have not taken weaker write endurance

problem of NVM buffer based designs in to account. Thus, the chapter proposes

different longevity approaches to overcome the NVM challenges.

The chapter is organized as follows: Background and Motivation are reported in

section 5.2. Proposed techniques are discussed in section 5.3. Section 5.4 illustrates

the experimental methodology and results and analysis are done in section 5.4.3.

Finally, we conclude this chapter in section 5.6.
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5.2 Background and Motivation

5.2.1 NoC Router Traffic

Core

L2L1­I$

L1­D$

MCMC

MC MC

Router

NI

Link Link

Link

Link

Tile

Dark core Active core

Figure 5.1: Router architecture showing power gated buffers at input ports

The Chip MultProcessor (CMP) setup used in this work is a Tiled Chip Multi-

Processor (TCMP). This has evolved as a scalable design for small-scale future

CMPs. A TCMP, shown in figure 5.1, consists of processing cores arranged in a

mesh network of nodes connected by an on-chip interconnect called the network

on chip (NoC). Each tile consists of a core, its private instruction, and data L1

caches and a slice/bank of shared last level L2 cache. The L2 cache banks in each

tile together form the LLC arranged as a NUCA architecture.

In the context of dark silicon, most of the processing elements (PE), i.e., tiles are

turned off. If PE is OFF, then the router will encounter very less flow of traffic,

and its role is mainly to maintain connectivity and allow passage of packets flowing

through it. Figure 5.2 shows the percentage of local data packets passing through

the router when the associated PE is ON. In case this PE is power gated, then

the local data packets passing through its router will be absent. Figure 5.3 shows

router traffic reduction in 25% dark nodes scenario. The routers selected have the

associated PE powered off. (In particular, we plot the traffic reduction for routers

R1 and R14 in Pattern1 and R7, R10, and R11 in Pattern2, where the patterns

are shown in figure 5.12. )

The chip multiple processor setup used in this work is a Tiled Chip MultiProcessor

(TCMPs). This has evolved as a scalable design for small-scale future CMPs.

TH-2947_126101001



Chapter 5. Power saving using Frequency Scaling and Power Gating 123

Figure 5.2: Percentage of local-only data packets passing through a router.

Figure 5.3: Traffic reduction in routers associated with power gated PEs in
25% dark scenario.

A TCMP, shown in figure 5.1, consists of processing cores arranged in a mesh

network of nodes connected by an on-chip interconnect called the network on chip

(NoC). Each tile consists of a core, its private instruction, and data L1 caches

and a slice/bank of shared last level L2 cache. The L2 cache banks in each tile

together form the LLC arranged as a NUCA architecture. In the context of dark

silicon, most of the processing elements (PE), i.e., tiles are turned off. If PE is

OFF, then the router will encounter very less flow of traffic, and its role is mainly

to maintain connectivity and allow passage of packets flowing through it (c.f.

Figure 5.2 and 5.3). Figure 5.2 shows the percentage of local data packets passing

through the router when the associated PE is ON. In case this PE is power gated,

then the local data packets passing through its router will be absent. Figure 5.3

shows router traffic reduction in 25% dark nodes scenario. The routers selected

have the associated PE powered off. In particular, we plot the traffic reduction

for routers R1 and R14 in Pattern1 and R7, R10, and R11 in Pattern2, where the

patterns are shown in figure 5.12.

The write variation and lifetime is defined in Section 2.3.2.
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5.3 Proposed Policies

In this section, we describe our five proposals. The main objective is to save on the

buffer leakage energy if the attached PE is power gated. The hypothesis is that if

the PE is powered gated, then the traffic flowing through the routers attached to

such PEs will be lesser than normal traffic. Hence there is an opportunity to save

leakage energy by either powering off some SRAM based VCs or using low-leakage

STT-RAM-based VCs or by using frequency scaling. We have investigated all the

approaches in the proposed design alternatives.

5.3.1 Gated Buffers of Dark Nodes: gBUF-DN

RC VC Allocator Switch Allocator

Switch

o/p port 0

o/p port ki/p port k

i/p port 0

Power Gate Controller

Figure 5.4: Router architecture showing power gated buffers at input ports

The proposal reduces the leakage energy of the router buffer. Towards achieving

this, we discuss the design of NoC routers having gated buffers. This section briefly

illustrates gBUF-DN.

Figure 5.1, shows some nodes in grey colour, indicating that they are gated/powered-

off. The set of nodes that are gated at a particular time instance change as per

the application scheduling and thermal stability of the on-chip components. To

support the era of dark silicon, we propose to power gate maximum number of

power-hungry router buffers for the powered off processing elements. Whereas, to

maintain connectivity, we kept a minimum number of buffers powered on at each

VNet. We call this proposal as gated BUFfer at Dark Nodes: gBUF-DN.
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Figure 5.4 presents the router design that implements the power gating for selective

buffers in the powered off processing element. In this implementation, the Power

Gating (PG) signal is raised when the tile/processing element is turned OFF. On

receiving the PG signal, the router makes most of the buffers power off, as shown

in the grey colour in the figure. Whereas, to maintain connectivity, some of the

buffers are kept active and is shown in white colour. Once the processing core is

turned ON, the PG signal gets disabled, and all the buffers are kept active in full

power mode. Hence, as long as the buffers are inactive, the leakage power is saved.

NoC uses credit-based flow control that informs the upstream router about the

availability of free VCs. When a router has power gated VCs, it will not send the

credit for those particular VCs. This way, the upstream router will not allocate

packet to the power gated VCs. Before power gating, the router informs up-

stream router by sending zero credits for the particular VCs. Additionally, the

router waits for a few cycles to receive any packets that may be already on the

way. This avoids packet loss.

The policy: gBUF-DN uses conventional SRAM buffers in the routers. The other

alternative to save leakage power is to make use of near-zero standby power NVM

buffers, i.e., STT-RAM. Although, the proposed work can easily be implemented

using other NVM based buffers such that PCRAM or ReRAM.

5.3.2 SRAM-FRQSCL

F = f F = f/2

PE = ON

PE = OFF

End of interval AND
PE = OFF

End of interval AND
PE = ON

Figure 5.5: FSM of the router frequency scaling in SRAM-FRQSCL.

In this proposal, we assume that the buffers (i.e., VCs) in all routers are made using

SRAM technology. In order to save leakage energy in the dark silicon scenario, we
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End of every Int 
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No

For all Routers in 
network

Activate 2
SRAM VCs

For all
Input Ports

For all
VNets

Activate 2 out of 6
STT­RAM VCs 
with minimum

number of writes

Deactivate other
STT­RAM VCs
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SRAM VCs
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Input Ports

For all
VNets

Activate 4 out of 6
STT­RAM VCs 
with minimum

number of writes

Deactivate other
STT­RAM VCs

Figure 5.6: Flowchart for proposal Hy-SEL-ON. Assuming 4 VCs are active
at a time.

propose to operate the router (including the buffers) at a lower frequency. This

frequency scaling is done for routers connected to powered-off PEs.

Initially, the application runs with all routers at maximum frequency. Subse-

quently, at regular intervals, the routers undergo frequency scaling if the PE is

off. Once the frequency is scaled, it remains so throughout the interval and can be

changed only at the end of the interval (if the PE is turned-on in the meantime).

Figure 5.5 shows the FSM depicting the behaviour of the router and frequency

scaling. For our experimental evaluation, we propose to reduce the frequency to

half of the maximum frequency.

5.3.3 Hy-SEL-ON

The first proposal uses all SRAM based buffers (or VCs) and reduced frequency

to save power. To achieve the same objective, in the second idea, we propose to

replace a few SRAM based VCs with STT-RAM-based VCs, as STT-RAM has very
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little leakage. In this case, if the attached PE is powered-off, then all the SRAM

based VCs will be powered-off, and the traffic (which is expected to be less) will be

handled by the STT-RAM VCs. The mechanism to inform the upstream router

about power gating is the same as discussed in section 5.3.1. Figure 5.6 shows

the flowchart of the proposal. The procedure is invoked at regular intervals, and

the decision taken at the beginning of the interval is maintained throughout the

interval. As STT-RAM is dense, we can accommodate up to 4 times capacity in

the same area as SRAM [167]. We use this fact and employ (conservatively) three

times the number of SRAM VCs considering area overhead occupied by peripheral

circuitry and our proposal based counters. For example, if we had 4 SRAM VCs

in the original design, we keep 2 VCs as SRAM and replace the other 2 SRAM

VCs with 6 STT-RAM VCs (to fit in the same area taken by the 2 SRAM VCs).

However, we only use 4 VCs in total, i.e., when SRAM is used, then we need to

select 2 STT-RAM VCs from the 6 STT-RAM VCs. Note that in all baseline

policies, 4 SRAM VCs are used for simulation purposes.

STT-RAM, although being dense and leakage friendly, it suffers from low write

endurance. The buffers which are frequently written get worn-out faster compared

to less written buffers. On account of density, we have more STT-RAM VCs than

required. Therefore during implementation of our proposal, we select m out of n

VCs of type STT-RAM. However, if we select the same VCs each time, the buffers

in those VCs will incur breakdown faster compared to others. In order to avoid

this, we propose a write-variation aware VC selection among the STT-RAM VCs.

In that, we maintain the write counts for each VC, and at the beginning of the

next interval, use those STT-RAM VCs that have the least write count. For this,

the counter of size 2 Bytes is maintained with each VC. This helps in distributing

the writes evenly across all STT-RAM VCs (buffers) and improves the lifetime.

Figure 5.10 shows an example scenario. In the beginning, all SRAM VCs and 2

STT-RAM VCs are operational. Here, the VCs in use are VC0, VC1, VC2, VC4.

At the end of the interval, if the PE is still powered-ON, then the SRAM VCs are

used, and we need to select STT-RAM VCs depending on their write counts. In

this example, the VCs in use are VC0, VC1, VC5, VC6. The system is run with
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SRAM VC STT­RAM VC Deactivated VC

VC0 VC1 VC3 VC4 VC5 VC6 VC7VC2

C2 C3 C4 C5 C6 C7

Figure 5.7: Inti

VC0 VC1 VC7VC3 VC4VC2 VC5 VC6

C2 C3 C4 C5 C6 C7

Figure 5.8: Inti+1

VC5 VC6VC4VC2VC1VC0 VC3 VC7

C2 C3 C4 C5 C6 C7

Figure 5.9: Inti+1

Figure 5.10: VC power status for different time intervals. (a) shows initial
VC status for the interval Inti. (b) shows VC status for interval Inti+1 when
the associated node to router is powered ON and (c) shows VC power status

for interval Inti+1 when the associate node is powered OFF.

RmidRW RE

RS

RN

E W E W

S

N

S

N

Ports having SRAM VCs 
ON / OFF depending  on 
local PE status

Ports having SRAM 
VCs OFF

Figure 5.11: Illustration on policy Hy-NEIG-SEL-ON showing powering OFF
of SRAM VCs in immediate neighbour.

this setup for another interval. Suppose at the next interval the PE gets powered-

off, then we power off the SRAM VCs (VC0, VC1), and we need to turn-ON total

4 STT-RAM VCs having the least number of write counts. In this example, the

VCs selected are VC3, VC5, VC6, VC7.

5.3.4 Hy-NEIG-SEL-ON

The idea here is an extension to Hy-SEL-ON above. For the routers that have

PE powered-off, there is expected to be very less traffic passing through them.

This is also true for the immediate neighbours’ connected ports of such nodes. For

instance, as shown in figure 5.11, if the central router has powered-off PE, then

the VCs at input ports have STT-RAM VCs being used. As the amount of traffic
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passing through this router will be less, we propose to save the leakage of the

neighbouring routers by making their ports connected to this router behave simi-

larly to the input port VC of the powered OFF node. In particular, in figure 5.11,

the port-E of RW will use only STT-RAM VCs and power-off SRAM VCs. Same

is the case with port-S of RN , N of RS, and W of RE. This helps in saving leakage

energy further. Note that some of STT VCs will always be ON, and only SRAM

VCs will be powered ON or OFF based on connected node status.

5.3.5 Hy-CRIT-WRD

The idea of using STT-RAM buffers for routers associated with active nodes in-

creases network latency since the writes in STT-RAM takes more time than SRAM

based buffers (cf. Table 5.1). This causes an increase in network latency over

SRAM based buffer designs. It has been experimentally observed that the use of

pure STT-RAM buffers increases the latency by 22% over baseline SRAM design

in a 4× 4 mesh network. The delay caused due to the usage of STT-RAM buffers

slows down all kinds of packets in the network. In case the system requires to send

critical words faster then we can use our proposed Hy-CRIT-WRD. Because the

delay in critical words may impact the overall performance of the system.

The main idea is to use SRAM based VCs for critical words even when there

are only STT-RAM VCs active. At the time of VC allocation, critical word gets

assigned to SRAM based VC. Note that the LLC controller will forward words

indicating that they are critical to the NI. Further, NI embeds this information

into the header flit while injecting words into the network. This information is

used during the VC allocation stage at every router. At each VC allocation stage,

at every router, this information is used to select VCs. For critical words, SRAM-

based VC is allocated to the packet.

For the routers which are connected with active nodes, the SRAM VCs are already

active; hence the VC allocator allocates critical words to it. Whereas for the

routers with only STT-RAM VCs active, an SRAM VC is woken up and kept
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active for a predefined number of cycles. This reduces the network latency for

the critical words, which reduces overall network latency and improves system

performance for the critical word optimization. Also, note that the remaining

cache line (whose critical word has already been sent) travels as a separate packet

through any available VC.

5.4 Experimental Evaluation
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Figure 5.12: Dark node patterns. Fig. (Pattern1) and (Pattern2) shows
pattern for 25% nodes as dark. Fig. (Pattern3) and (Pattern4) shows pattern
for 50% nodes as dark. Fig. (Pattern5) shows pattern for 75% nodes as dark.

Parameter SRAM (F = f ) SRAM (F = f/2) STT-RAM
write latency (cycle) 1 2 2
read latency (cycle) 1 2 1
read energy/bit (pJ) 0.026 0.0128 0.022
write energy/bit (pJ) 0.0363 0.0175 0.182
leakage power (mW) 0.206 0.144 0.067

Table 5.1: SRAM and STT-RAM buffer configuration

We used Gem5 [168], a multi-core full system simulator with GARNET [169], as

the interconnection network model. We use DSENT [170] integrated with Gem5

and GARNET to measure the static and dynamic energy consumed at 45nm

process technology. We evaluate a 16-core system with tiles arranged in a 4 × 4

mesh network. We use CACTI-STT [171] and NVSim [172] to get SRAM and

STT-RAM latency, read-write energy, and leakage power. Table 5.1 shows all
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Parameter Details
core count 16, 2GHz
topology 4 × 4 mesh
L1 I & D cache , L2 cache (shared) 64KB, 64KB , 16MB (64B block size)
router pipeline 2 stage, 16B flit
Packet size control 1 flit, data 5 flits
virtual network count 3 per port with 4 VCs per VNet
virtual channel depth 1 buffer for control, 4 buffers for data VC
counter size 2B
topology Mesh-XY
routing algorithm XY
synthetic traffic pattern Uniform random, Bit complement
SRAM wake-up time 5 cycles [2]

Table 5.2: System and interconnect configuration

Parsec Benchmarks
blackscholes (Blck), bodytrack (Body),

canneal (Cann), fluidanimate (Flud), x264 (X264)
SPEC Benchmarks

mcf (mix0), zeusmp (mix1) lbm (mix2), cactusADM (mix3),
bwaves (mix4), gamess (mix5), leslie3d (mix6), gromacs (mix7)

Table 5.3: Benchmark acronym

the obtained timing and energy parameters. Each core/tile is attached to one

NoC router. Each core has a private L1 cache and a slice of shared L2 cache,

which uses the MESI cache coherence protocol. The details of the configurations

for the system and network are given in table 5.2. To bring the effect of dark

silicon, we keep some cores powered-off. Note that the experiments have been

carried out by keeping 25%, 50%, and 75% of nodes as dark. The cores that

are powered-on will run applications from the scheduled benchmark. We evaluate

the network performance of these applications in their corresponding regions of

interest (ROIs). The work is evaluated using Multi-Programmed (MP) benchmark

SPEC CPU2006 [173] and Multi-Threaded (MT) PARSEC benchmarks suite [177].

The acronym used for benchmarks is given in the table 5.3. From the list of all

benchmarks, we ran 12 instances of each application for 25% dark node patterns,

eight instances of each application for 50% dark node patterns, and four instances

of each application for 75% dark node pattern on 16 cores mesh network. We

warm up each SPEC multi-programmed workload for 1 billion instructions and

run for 100 million instructions. Synthetic workloads on different traffic patterns

are experimented by varying the injection rates on 8× 8 network.
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Figure 5.13: Normalized packet latency of proposed policies with respect to
SRAM baseline in 4× 4 mesh network (lower is better).

Figure 5.14: Normalized execution time for proposed policies in 4 × 4 mesh
network (lower is better)

5.4.1 Evaluation Metrics

We show results for (1) network latency (2) execution time (3) total energy (4)

power consumption (5) EDP (Energy Delay Product) gain (6) write variation

(calculated by using equation 2.1 and 2.2) and (7) lifetime. The results are given for

baseline policy using basic VC allocation policy (cf. section 2.1) and the proposed

policies: SRAM-FRQSCL, Hy-SEL-ON, Hy-NEIG-SEL-ON and Hy-CRIT-WRD.

Reduction in total energy, EDP gain, and network latency comparison are shown

with respect to the baseline (SRAM ), using pure SRAM buffers. Improvements in

the lifetime and write variation are shown with respect to the STT-RAM baseline,

(STT-Base), using STT-RAM buffers having the same number of VCs per VNet as

the SRAM baseline technique. We compare our work with gBUF-DN, BlackOut [2]

(BlackOut) and Hy-Drowsy [1] (Hy-Drowsy) which is shown in 5.4.4. We also

compare proposed policies with router parking [3] for synthetic work traffic (cf.

section 5.4.4.2).
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5.4.2 Pattern for Dark nodes

The application mapping to cores on the chip is mainly done to optimize the

network, minimize congestion, improve system throughput, etc. while maintain-

ing TDP of the chip [178]. It shows the impact of contiguous and spatially dis-

tributed mapping in dark silicon. Hence, we consider patterns where applications

are mapped contiguously and spatially on the chip for our simulations. Figure 5.12

shows dark silicon patterns keeping 25%, 50% and 75% of nodes dark on the chip.

Note that the corner nodes are connected with the memory controller, and hence

the associated routers are kept active in all the policies. The Pattern1 and Pat-

tern2 have 25% dark nodes. The pattern in (1) has spatial application mapping;

whereas, (2) shows application mapping in a region. Similarly, Pattern3 and Pat-

tern4 show the pattern for 50% nodes as dark. The pattern Pattern5 in figure 5.12

has 75% nodes as dark, and hence only corner nodes have application mapped to

them.

5.4.3 Results and Analysis

5.4.3.1 Network Latency

Pattern
Reference

Policy
gBUF-DN

SRAM-
FRQSCL

Hy-
SEL-ON

Hy-NEIG-
SEL-ON

Hy-CRIT-
WRD

Row

Pattern2

SRAM 14.6 4.3 7.8 7.9 4 1
gBUF-DN - -8.9 -5.8 -5.8 -9.3 2

SRAM-FRQSCL - - 3.5 3.4 -0.3 3
Hy-SEL-ON - - - -0.04 -3.7 4

Hy-NEIG-SEL-ON - - - - -0.3.6 5

Pattern4

SRAM 13 8 9.3 9.7 7.3 6
gBUF-DN - -4.4 -3.3 -3 -5 7

SRAM-FRQSCL - - 1.2 1.5 -0.7 8
Hy-SEL-ON - - - 0.3 -2.2 9

Hy-NEIG-SEL-ON - - - - -2 10

Table 5.4: Network latency comparison (in percentage) for all policies in 4×4
mesh network.

Figure 5.13 shows the latency graph of proposed policies for all the dark node

patterns discussed in section 5.4.2. The proposed policy SRAM-FRQSCL reduces

the frequency of a router to save energy when the associated node is dark. This

reduces network latency performance by 15% over SRAM design in Pattern5.
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Whereas, the STT-RAM-based policies increase packet latency due to the longer

write cycles of the STT-RAM VCs (cf. Table 5.1). The usage of STT-RAM VCs

increases the network latency by 10% and 11% in 4 × 4 network for Hy-SEL-

ON and Hy-NEIG-SEL-ON policy. However, Hy-CRIT-WRD policy attempts to

reduce this by using SRAM VC for critical words/packets and improves by 4% and

brings it to 7% over SRAM. For the applications such as Mix0, Mix2, and Mix3,

where traffic comes in a burst, the policy g-BUF-DN slows down the packets in

the network since the only VC at routers associated to power gated Processing

Elements (PE) are busy. This results in network latency overhead. Whereas

for the low traffic application such as X264 the policy, g-BUF-DN, shows lesser

network latency than proposed policies and shows better latency performance than

proposed policies. Table 5.4 gives comparative summary of all policies for 50%

dark nodes. The negative values in the table show a decrease in network latency.

5.4.3.2 Performance

Figure 5.14 shows a normalized execution time graph of all proposed policies with

respect to the SRAM baseline. The increase in packet latency degrades system

performance. Notably, we observe that, on average, the execution time increases

over baseline SRAM by 2.2%, 2.4%, 2.4%, and 1% in SRAM-FRQSCL, Hy-SEL-

ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD policies, respectively with 50% dark

nodes (Pattern3 ). The SRAM VCs used for critical words in Hy-CRIT-WRD

policy lift the performance. As can be observed, all our proposed policies maintain

performance with a small execution time overhead.

5.4.3.3 Energy Savings

Figure 5.15 show the total energy and static energy graph for SRAM and proposed

policies. The proposed policy SRAM-FRQSCL shows savings in total energy due

to the routers running at a lesser frequency. Whereas, we get a significant reduction

in static energy of Hy-SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD by reason
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Pattern
Reference

Policy
gBUF-DN

SRAM-
FRQSCL

Hy-
SEL-ON

Hy-NEIG-
SEL-ON

Hy-CRIT-
WRD

Row

Pattern2

SRAM 20 2.8 35.4 37.8 37.35 1
gBUF-DN - -21.4 19.3 22.4 21.8 2

SRAM-FRQSCL - - 33.6 36 35.6 3
Hy-SEL-ON - - - 3.8 3 4

Hy-NEIG-SEL-ON - - - - -0.7 5

Pattern4

SRAM 34.5 3.8 42.84 45.98 44.53 6
gBUF-DN - -47.04 12.67 17.46 15.25 7

SRAM-FRQSCL - - 40.61 43.87 42.36 8
Hy-SEL-ON - - - 5.49 2.95 9

Hy-NEIG-SEL-ON - - - - -2.69 10

Table 5.5: Total energy saving (in percentage) for all policies in 4 × 4 mesh
network.

Figure 5.15: Normalized total energy of proposed policies with respect to
SRAM baseline in 4× 4 mesh network (lower is better).

Figure 5.16: Normalized EDP gains of proposed policies over SRAM baseline
in 4× 4 mesh network (lower is better).

of very less static energy of STT-RAM. STT-RAM has costly write operation

(cf. Table 5.1), and hence the dynamic energy consumed by STT is more than

SRAM. However, lesser static energy gives overall energy savings in STT-RAM-

based policies. The energy savings in proposed policies, SRAM-FRQSCL, Hy-SEL-

ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD, are 1%, 52.4%, 58%, and 62.1%

respectively, over baseline SRAM with 75% dark nodes.

As can be seen from the graph, for all the patterns and applications, the policy

SRAM-FRQSCL shows maximum total energy consumption. The other proposed

policies use SRAM and STT-RAM buffers at the router. The policy Hy-NEIG-

SEL-ON saves maximum energy since the number of power gated SRAM-based

VCs are maximum in it. The policy Hy-CRIT-WRD activates power-gated SRAM
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VC when a critical word arrives. These VCs are kept on for a certain number of

cycles, and if no critical word comes, it goes in power gate state. This consumes

more static energy than Hy-NEIG-SEL-ON. However, based on the application,

the total energy consumption differs in benchmarks for Hy-CRIT-WRD.

Table 5.6 gives a comparative summary on power analysis of all proposed policies.

The power performance of all the proposed policies are similar to energy consump-

tion given in Figure 5.15. The proposed policies, SRAM-FRQSCL, Hy-SEL-ON,

Hy-NEIG-SEL-ON, and Hy-CRIT-WRD, shows 0.34%, 43.7%, 45.2%, and 44.7%

of power consumption, respectively. Also, the comparative summary of energy and

power all policies for Pattern2 and Pattern4 are given in Table 5.5 and Table 5.6.

The negative values in the table represent overhead.

Pattern
Reference

Policy
gBUF-DN

SRAM-
FRQSCL

Hy-
SEL-ON

Hy-NEIG-
SEL-ON

Hy-CRIT-
WRD

Row

Pattern2

SRAM 16.5 0.4 35.5 37.4 37 1
gBUF-DN - -19 22.7 25 24.5 2

SRAM-FRQSCL - - 35 37 36.7 3
Hy-SEL-ON - - - 2.98 2.4 4

Hy-NEIG-SEL-ON - - - - -0.6 5

Pattern4

SRAM 32.5 0.34 43.7 45.2 44.7 6
gBUF-DN - -47.6 16.7 18.8 18.1 7

SRAM-FRQSCL - - 43.5 45 44.5 8
Hy-SEL-ON - - - 2.6 1.7 9

Hy-NEIG-SEL-ON - - - - -0.87 10

Table 5.6: Power saving (in percentage) for all policies in 4×4 mesh network.

5.4.3.4 EDP Gain

Pattern
Reference

Policy
gBUF-DN

SRAM-
FRQSCL

Hy-
SEL-ON

Hy-NEIG-
SEL-ON

Hy-CRIT-
WRD

Row

Pattern2

SRAM 2.4 4.8 35.3 38.3 37.8 1
gBUF-DN - 2.46 33.7 36.8 36.3 2

SRAM-FRQSCL - - 32 35.2 34.6 3
Hy-SEL-ON - - - 4.6 3.8 4

Hy-NEIG-SEL-ON - - - - -0.86 5

Pattern4

SRAM 38.18 4.46 41.99 46.52 44.46 6
gBUF-DN - -54.54 6.16 13.5 10.16 7

SRAM-FRQSCL - - 39.28 44.02 41.87 8
Hy-SEL-ON - - - 7.81 4.26 9

Hy-NEIG-SEL-ON - - - - -3.85 10

Table 5.7: EDP gain (in percentage) for all policies in 4× 4 mesh network.

The EDP gain is depicted in figure 5.16 for all policies with respect to the SRAM

baseline. However, the policies show significant savings in static energy and lead to

the major improvement in EDP. On average, proposed policies SRAM-FRQSCL,
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Hy-SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD shows EDP gain of 1.4%,

52%, 60%, and 62% respectively, over baseline SRAM at 75% dark nodes. Similar

to energy analysis, the policy SRAM-FRQSCL shows the least EDP gain across

all dark node patterns. This is because of the use of SRAM only VCs that have

higher leakage components. From the hybrid buffer-based proposed policies, Hy-

NEIG-SEL-ON shows maximum EDP gain since the energy consumption is least

due to more STT-RAM VCs being active. Hy-CRIT-WRD also gives gains in

EDP on account of better latency (due to the usage of SRAM VCs for critical

words) and savings in leakage due to use of STT-RAM VCs for non-critical word

packets.

Table 5.7 gives a comparative summary of EDP gain of all policies for Pattern2

and Pattern4. The negative values in the table show EDP loss.

5.4.3.5 Write variation

Reference
Policy

Hy-SEL-ON Hy-NEIG-SEL-ON Hy-CRIT-WRD
Row

ctrl res data ctrl res data ctrl res data
STT-SRAM 97.8 98.2 98.57 97.03 98.3 98.3 98.7 99.7 98.7 1
Hy-SEL-ON - - - -0.78 0.04 -0.3 0.92 1.4 -0.12 2

Hy-NEIG-SEL-ON - - - - - - 1.7 1.4 0.44 3

Table 5.8: Write variation reduction (in percentage) for all policies in 4 × 4
mesh network for Pattern4 (50% dark nodes). (ctrl : control VNet, res: response

VNet, data: data VNet)

The write variation is calculated for each virtual network since the type of pack-

ets differs for each. Table 5.8 gives the improvement in write variation by our

proposed policies over baseline STT-RAM at 50% dark nodes. The policies Hy-

SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD show a significant reduction in

write variation, and it brings it down by 97.8%, 97.03%, and 98.7% respectively.

The policies Hy-SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD choose mini-

mal written STT VCs for the interval and hence results in even distribution of

packets across VCs in the VNet. Similar improvement is seen in other VNets (c.f.

Table 5.8). The uniform distribution of writes in STT VCs ensures a longer life-

time of the VC buffers. Note that the negative values in the table show an increase

in write variation.
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5.4.3.6 Relative Lifetime

Reference
Policy

Hy-SEL-ON Hy-NEIG-SEL-ON Hy-CRIT-WRD
Row

ctrl res data ctrl res data ctrl res data
STT-SRAM 5 6.2 6.8 4.7 5.6 5.7 9 7.5 9.8 1
Hy-SEL-ON - - - 0.94 0.9 0.83 1.7 1.2 1.4 2

Hy-NEIG-SEL-ON - - - - - - 1.8 1.4 1.72 3

Table 5.9: Lifetime comparison (in times) for all policies in 4×4 mesh network
for Pattern4 (50% dark nodes). (ctrl : control VNet, res: response VNet, data:

data VNet)

Table 5.9 gives the relative lifetime of all the policies across all VNets at 50% dark

nodes. Similar to write variation, lifetime is compared individually for each VNet.

The policy Hy-SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD show significant

enhancement in the lifetime of VC buffer over STT-Base. These enhancements are

5, 4.7, and 9 times for control, 6.2, 5.6, and 7.5 times for response and 6.8, 5.7, and

9.8 times for data VNet respectively. The policy Hy-CRIT-WRD sends critical

words through SRAM VC, which reduces the number of writes in STT VCs. This

results in less number of writes in STT buffers and hence better lifetime.

5.4.4 Comparison with existing policies

5.4.4.1 Comparison with BlackOut [2] and Hy-Drowsy [1]

Router i
OP

POLICY
REMAP IP

WINDOW
0, +1, -1
Credit linkData link Router j

Blackout action

Figure 5.17: General overview of the BlackOut [2] router-to-router architec-
ture.

In [2], the authors proposed a power-gating method BlackOut, which individually

controls the power supply of NoC buffers. The virtual channel buffers are dy-

namically switched on and off based on traffic conditions. The BlackOut uses two

methods: flow balancing and late binding to control input buffer power gating.
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 STT-RAM VCs0: inactive 1: active
Figure 5.18: State transition diagram showing various power-on-off states of

VCs in Hy-Drowsy [1] policy.

The flow balancing uses the output port state and active buffer state to increase

or decrease active buffers at a downstream router. Late binding optimizes the

allocation of a packet to a buffer using REMAP at an input port of a downstream

router. The REMAP binds the physical buffer to different virtual channels.

Figure 5.17 shows router-to-router architecture in BlackOut policy. Here, a dedi-

cated BlackOut action link is used to communicate the REMAP unit at the down-

stream router for waking up, power gate, or keeping buffers as it is at the port.

In the picture, a packet coming to the last VC of the output port of the router i

is remapped to the first buffer at the input port of the router j. In the example,

only two buffers are active (WINDOW), and other buffers are power gated to save

energy.

The Hy-Drowsy [1] uses the combination of SRAM, and STT-RAM-based VC

called as Hierarchical buffer architecture. In their proposal, only one SRAM VC is

powered-on all the time and based on the traffic load, the drowsy SRAM and power

gated STT-RAM are turned ON. The figure 5.18 presents the state transition

status of the different levels of VCs with traffic load where the state has encoding

(XYZ). Here, the first level (X) represents the SRAM VC which is ON all the time

(represented by 1). Whereas, the second level (Y) represents the drowsy SRAM

VC which will be ON and OFF based on traffic load. Lastly, the last level (Z)

shows the status of power gated STT-based VC. Initially, when the traffic load is

low, only the first level SRAM is active (figure, state 100). When the traffic exceeds

a certain threshold (say Th1), the second level (Y) VC gets activated (figure, state

110). On further increase in the traffic (say at Th2), the third level STT gets

activated (figure, state 111). Note that the traffic is measured here based on the

buffer occupancy. In case, when the traffic reduces to medium load from the high
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load (say at Th3), the second level (Y) get turned off as the wake-up latency of

STT is higher than the drowsy SRAM (figure, state 101). On further reduction in

traffic (say at Th4), the STT-RAM VC gets power gated (figure, state 110).

Policy
Increase in

Network Latency (%)
Total

Energy saving (%)
EDP

Gain (%)
BlackOut 53 12 15

Hy-Drowsy 14 20 27
SRAM-FRQSCL 8 3.8 4.5

Hy-SEL-ON 9.3 42.8 42
Hy-NEIG-SEL-ON 9.7 46 46.5

Hy-CRIT-WRD 7.3 44.53 44.5

Table 5.10: Blackout and Hy-drowsy policy details with base comparison in
4× 4 mesh network (keeping 50% of the nodes dark).

The comparison of the BlackOut, Hy-Drowsy, and proposed policies with the base-

line is shown in table 5.10. The proposed policies increase less packet latency over

SRAM design. Whereas, the policies BlackOut and Hy-Drowsy increase latency

by 53% and 14% over SRAM. The policy BlackOut shows 12% energy savings and

15% EDP gain over baseline SRAM. Similarly, the policy Hy-Drowsy shows 20%

and 27% energy saving and EDP gain. Our proposed policy SRAM-FRQSCL uses

only SRAM buffers; hence there is only 3.8% of energy-saving and 4.5% of EDP

gain. Our hybrid policies, Hy-SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD

show 42.8%, 46%, and 44.5% of energy savings and 42%, 46.5% and 44.5% of EDP

gain with respect to SRAM.

5.4.4.2 Analysis using Synthetic Workloads and comparison with Router

Parking [3]

A selective power gating scheme, router parking [3], presented by Samih et al.

proposed three approaches: Aggressive, Conservative, and Adaptive router parking

for power gating of the router. In the aggressive scheme, the maximum number of

routers is parked or power gated while maintaining connectivity in the network.

We compare our proposed policies with Aggressive Router Parking (RP) since

it saves maximum power. We performed simulations on a 64-core (8 × 8) mesh

network to study the impact of proposed policies on the packet latency using
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Figure 5.19: Performance comparison under uniform random synthetic work-
loads in 8× 8 mesh network (lower is better).

synthetic traffic patterns. We analyze the effect on packet latency by varying the

injection rates keeping 50% nodes as dark.

Figure 5.19 shows performance comparison of proposed policies with baseline

SRAM and RP under uniform-random synthetic workload. As expected, the

latency of SRAM-FRQSCL policy lies between the latency values for SRAM and

Hy-SEL-ON, Hy-NEIG-SEL-ON, Hy-CRIT-WRD, and all the proposed policies

reach saturation earlier than the SRAM. The policy SRAM-FRQSCL shows a

very less increase in latency, which is 5.6% on average. The slower running router

for the powered off nodes impacts less on latency performance than using NVM

at every router to save leakage. The packets take slightly more time to reach the

destination as a result of the slow write speed of STT-RAM. These policies make

use of STT-RAM VCs, and as a result, the latency grows high by 5.4%, 12.3%,

and 12% respectively over SRAM. The figure 5.20 shows a performance compar-

ison of proposed policies under bit complement traffic pattern. As expected, the

SRAM-FRQSCL, Hy-SEL-ON, Hy-NEIG-SEL-ON, and Hy-CRIT-WRD increase

latency by 2%, 2%, 8%, and 7.8% respectively. All the proposed policies show

improvement over RP in latency performance, and the RP policy saturates be-

fore all proposed policies. This is due to the single path available to source and

destination in RP policy.
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Figure 5.20: Performance comparison under bit complement synthetic work-
loads in 8× 8 mesh network (lower is better).

5.4.5 Overhead Analysis

This section briefly demonstrates all types of overheads with respect to the coun-

ters and power gating unit in the proposed techniques Hy-SEL-ON, Hy-NEIG-

SEL-ON, and Hy-CRIT-WRD. The usage of multiple counters in the proposed

techniques incurs the area and storage overhead. The counter values used here

can be easily truncated when it reaches its maximum limit. This allows us to use

a small counter of size 2 bytes. As per the system parameter given in Table 5.2,

a total of 36-byte size SRAM based counters are used at each input port. Hence,

for a 4×4 network, this results in counter storage overhead of 4.7% of VC size in

the proposed policies.

The area occupied by the STT buffer is one-fourth of the area occupied by SRAM

buffers. We use this fact and employ three times the number of SRAM VCs to keep

the remaining area for peripheral circuitry and counters of our proposed policies.

In particular, the area overhead of counters is 9.4% w.r.t. SRAM baseline design.

The policy gBUF-DN power gates a maximum number of buffers at the router

associated with the power-down processing element. To implement this, a power

gate controller is introduced at the routers. The Power Gate (PG) controller

receives PG signal from the processing unit and informs buffers at the input port

to wake-up/power-gate when PE wakes-up/power-gates. The implementation of

PG controller incurs area overhead, which is 0.44% as given in [2].
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5.5 Discussion

The latency, performance, and energy savings depend on the percentage of dark

nodes and the dark nodes distribution on the chip. We have done an analysis

of proposed policies for 25%, 50%, and 75% dark nodes on-chip, as shown in fig-

ure 5.12. Pattern1 and Pattern2 are an example of a 25% dark node scenario

where the dark nodes are contiguous and spatially distributed, respectively. Sim-

ilarly, the Pattern3 and Pattern4 show an example of 50% dark nodes. Whereas,

the Pattern5 depicts a scenario of 75% dark nodes on-chip. The proposed policies

show very less latency overhead, while 25% nodes are dark. The latency over-

head increases when 50% nodes are dark, and it is maximum when 75% nodes

are kept dark on the chip. As it can be observed from the graph (fig. 5.13), the

latency overhead is lesser when the dark node pattern is contiguous on the chip.

The latency increases for the policies which use more STT-RAM-based VCs since

the STT-RAM write takes two cycles, whereas SRAM takes only one cycle (c.f.

Table 5.1). Since the policy Hy-CRIT-WRD occasionally uses SRAM VCs for the

dark node routers, the latency further improves w.r.t. Hy-NEIG-SEL-ON.

We investigated the replacement of SRAM based router in the context of dark

silicon with either frequency scaling them or replacing the buffers with hybrid

technology. The main objective is to maintain connectivity in the network and, at

the same time, save energy with minimal impact on performance.

Frequency scaling routers attached to dark nodes maintain connectivity and affect

the overall latency by around 8%, whereas the use of hybrid technology (SRAM +

STT-RAM) affects latency by around 9.3%. In the case of hybrid, if the controller

can manage to send critical words earlier using SRAM VCs, the impact on latency

is reduced to 7.3%. The existing approaches which use partial resources of the

router depending upon the traffic loads result in latency degradation of 14 to 53%.

Therefore our proposals of using all the resources at either lesser frequency or

manufactured using STT-RAM can save on latency degradation in the context of

dark silicon. EDP is the best metric to analyse the energy savings and impact on

performance. The use of frequency scaled routers give EDP gains of 4.5% over

TH-2947_126101001



Chapter 5. Power saving using Frequency Scaling and Power Gating 144

baseline SRAM. However, the use of less leakage NVM technology gives the best

EDP savings of 42 to 46.5%.

Investigating all our proposals, we can conclude that if we are required to use

SRAM based routers, then frequency scaling gives the best EDP instead of pow-

ering OFF components and then powering them ON again when traffic load in-

creases. Because powering ON components has an overhead of time and energy.

If one can use NVM technology, then the use of hybrid is preferred over pure.

The SRAM part of the router helps in maintaining a good latency, and the NVM

portion helps in saving leakage. This hybrid technology-based router, while using

our proposals, give the maximum EDP gains. Also, as expected, the gains are

maximum when 75% nodes are dark. In the case of performance, the impact has

to be minimized; we can use the cache optimization of sending critical words first.

These critical words are sent via SRAM channels in our proposal, which give the

best latency.

5.6 Summary

In the context of dark silicon, several components (cores/memory) are kept powered-

off to meet the thermal design constraints of the chip. The NoC is expected to

deliver performance maintaining minimal power consumption in the case of dark

silicon. The common approaches used for controlling power is to turn-off the

routers and wake them up when demanded. However, the wake-up latency adds

to performance degradation. This paper investigated different proposals that keep

the routers always powered ON, yet help in energy savings. Towards this, we

explored the use of frequency scaling and non-volatile memory technologies.

Our first proposal suggested reducing the frequency of routers that are attached to

powered down nodes in dark silicon. Reducing frequency saves on dynamic energy

and results in a reduction in overall energy consumption. However, reduction in

frequency affects the packet latency by around 8% and gives energy savings of

3.8% over baseline SRAM.
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For the other proposals, we suggest the use of hybrid memories to build the NoC

router buffers. In that, we kept some VCs made using SRAM, and some made

using STT-RAM. As STT-RAM is denser than SRAM, we can pack more STT-

RAM-based VCs by removing some SRAM based VCs. Only a few among these

VCs are used at a time, and the selection depends on the write counts encountered

by them. This helps in the distribution of writes evenly across the VCs and helps

in handling the weak endurance problem of STT-RAM. The proposal is to use all

SRAM VCs and a few STT-RAM VCs when the connected node is powered-ON.

In case the node is powered-OFF, we power OFF the SRAM VCs and turn on the

same number of STT-RAM VCs. The near-zero leakage of STT-RAM helps in

energy savings. The use of SRAM-STT-RAM hybrid helps in controlling latency

degradation due to slower writes of STT-RAM. Overall, this policy gives savings

of 42.8% in energy with a latency overhead of 9.3%.

We further gave variations to the above proposal by suggesting to use only STT-

RAM VCs in the output ports of the neighbouring router connecting to this router.

To improve on latency impact if critical words are being sent, then they are sent

using the SRAM VCs. Both these policies give energy savings of around 44 - 46%

with latency overhead of 7 - 10%.

Our proposals have demonstrated that the use of frequency scaling or non-volatile

memory can help in keeping the routers always powered ON even when the asso-

ciated nodes are powered OFF on account of dark silicon. The proposals help in

maintaining connectivity in dark silicon and also save energy.
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Chapter 6

Write Reduction Techniques

Whenever writes are incurred by the buffers, our earlier two chapters, distributed

them evenly across the buffers, thus improving the overall lifetime of the buffers.

Another energy-saving and lifetime enhancing way are to reduce the number of

writes happening in the buffers. This can be done by exploring opportunities in

data compression and/or sending only relevant data (and avoiding redundant data

transmission).

The first proposal is based on compression, where the data is wrapped in a more

compact way before it is transmitted or stored. Here we identify the bytes which

have zero content and do not transmit them. Necessary metadata is created to

enable decoding the data at the receiver. The second proposal is based on dirty

data sent by the cache during writebacks. Limiting data-write packets to only

dirty flits/words leads to lesser traffic in the network and lesser writes in NVM

buffers. This saves dynamic energy and reduces the overall network latency of the

packets.

6.1 Introduction

This chapter explores the research direction of write-reduction techniques to re-

duce the number of writes in NVM buffers. These include compression, where

147
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data are wrapped more compactly before they are transmitted or stored. The

data compression techniques reduce overall writes, as well as energy consump-

tion, and improve network latency. However, data compression adds an overhead

of encoding and decoding for each data packet irrespective of packet behaviour.

To reduce the number of writes in NVM buffers, packet compression is used. In

compression, the data are wrapped more compactly before they are transmitted

or stored. Intuitively, compression reduces the overall writes as well as energy

consumption, capacity and improve the overall latency with the application based

performance. Along with these advantages, by employing compression in NVMs

designs, the lifetime is also improved. A compression technique requires compres-

sor and decompressor unit either at CPU nodes, in case of cache compression, or

at Network Interface (NI), in case of NoC compression.

Compressor/
Decompressor

in NIC

L1/L2/MC

Router

Uncompressed data

Compressed data

Figure 6.1: Network interface controller compression schematic

Header

Header Payload

Control

Data

Figure 6.2: Flit formats needed for end to end memory accesses through
Network-on-Chip

Figure 6.1 shows the network interface controller where the compressor/decom-

pressor fits. Here, at the source NI, the data packet is compressed before flitisiza-

tion and injected into the network. On the other side, at the receiving NI, the
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Figure 6.3: Zero-Bytes distribution across cache blocks (in percentage) for
4×4 mesh network .

Figure 6.4: Zero-Word distribution across cache blocks (in percentage) for
4×4 mesh network (word size 4 bytes) .

flits are decompressed before packetized and sent to protocol buffer. Figure 6.2

shows the two packet format travel through the network for an end to end memory

access. The first packet represents the control packet that contains the destination

address and a control message. The second packet represents the data packet com-

posed of the header flit (containing the destination and the routing information)

along with the body flits (containing the payload information) and the tail flit.

In first proposal, we propose a Network Interface based compression technique that

is based on zero bytes present in data packets [179]. To measure the impact of the

zero bytes in the data packets, we have conducted experiments, and the results

are shown in figure 6.3. The figure shows the percentage of zero-byte(s) present

in cache blocks when it is coming into the network. On average, the applications

have 29% blocks having all data as zero. On the other hand, the amount of non-

contiguous zero-bytes in the cache blocks have the following ranges: blocks with

75-100% bytes as zero are 20%, 50-75% bytes as zero are 23% and 25-50% bytes
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as zero are 8%.

Thus, the removal of the large non-continuous zero-data is beneficial for the over-

all improvement in the efficiency of the network. However, the removal of non-

continuous zero-data may result in performance/compression overhead. Another

way to compress zero-bytes is to make a small chunk/group of continuous zero-

bytes, say zero-word, and remove it. The figure 6.4 shows the zero-word distribu-

tion across benchmarks when the word size is 4 bytes. The application Stream-

cluster shows the minimum zero words, whereas the application Mix7 has the

maximum number of zero words. On average, these applications contain 53% of

zero-words. In this work, we propose a compression technique that eliminates

continuous zero-bytes in a word and non-continuous zero-words in a data packet.

Figure 6.5: Total packet distribution in 4×4 mesh network.

Figure 6.6: Dirty flit distribution across cache blocks (in percentage) for 4×4
mesh network .

In the second proposal, we propose a flit based write reduction technique to save

the writes in STT-RAM buffers, which is based on dirty flits present in the data

packets. We have conducted experiments on SPEC CPU2006 [173] benchmarks

to quantify the impact of dirty packets and dirty flits and the results are shown

in figure 6.5 and 6.6. Figure 6.5 presents the percentage of dirty packets into the

network. Based on our experiments, 70% of cache blocks that travel through the
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network are non-dirty. These also include the cache LOAD blocks. The other

30% cache blocks are dirty, and the distribution of dirty flits/words of these cache

blocks is shown in figure 6.6. On average, there are 18% of the total dirty packets,

which have only one flit dirty. Whereas, packets with only two and only three flits

dirty are 14% and 11%, respectively. The remaining 57% packets have all the flits

dirty. This leads to the fact that there are many clean flits in the network which

are part of the data packets. On average, there are 23% clean flits in the network.

Limiting write-back data packets to only dirty flits/words leads to lesser traffic

in the network and lesser writes in NVM buffers. This saves dynamic energy and

reduces the overall network latency by transmitting smaller size packets.

The major contributions of this chapter are as follows:

• We have proposed the Zero byte-based ENCOding technique, called ZENCO,

for the NVM based on-chip interconnect. ZENCO encodes all continuous and

non-continuous zero bytes in the data packet by including an isZeroVector with

the header of flits belonging to the same packet.

• Further, with ZENCO, we have integrated the Round-Robin based wear level-

ling technique, ZENCO RR, to reduce the uneven write variation across virtual

channels in a virtual network. The proposed techniques are also applicable to

the hybrid-based buffer designs consisting of SRAM and STT-RAM.

• We have also proposed a dirty flit based packet transmission technique, called

DidaSel, for the hybrid (NVM + SRAM) buffer, based on-chip interconnect.

• At the runtime, depending on the number of dirty flits, DidaSel selects whether

to send them via SRAM or STT-RAM-based Virtual Channels (VCs).

The chapter is organized as follows: Related works are reported in section 6.2.

Proposed write reduction techniques are discussed in section 6.3 and 6.4. Sec-

tion 6.5 illustrates the experimental methodology and results and analysis. Finally,

we conclude this chapter in section 6.6.
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6.2 Related Work

In this section, we discuss existing write reduction techniques. Frequent value

table-based compression /decompression techniques that dynamically follow the

value pattern in the cache or the NoC or in both are proposed in [180]. Boyap-

ati et al. [181] proposed a compression technique that facilitates the approximate

matching of data with a controllable value range. Das et al. [182] presented a

zero content-based compression/decompression at the network interface. Here, if

a packet contains only zero bytes, only a header flit is sent over the network. A

coordinated NoC scheduling compression technique that overlaps the decompres-

sion latency with NoC queuing delay by integrating data compressors into each

NoC routers is reported in [183]. Kim et al. [184] presented a threshold-based,

partially applied Huffman encoding technique that reduces the network traffic for

extending the lifetime of NoC. A base delta compression technique in the NoC

that uses the small intra-variance distance between the flits of the data packet

is reported in [185]. Here, the compression module uses the first flit of the data

packet as a base to calculate the variance distance for each of the remaining flits.

During the flitisization, the base flit is transmitted as it is followed by the variance

distance value for the remaining flit. On the other hand, the decompression mod-

ule reconstructs the data packet by adding the base and the distance value. In

Hy-drowsy [1], a fine-grained activation/deactivation of different VCs are proposed

where each VC is divided into multiple levels. The Hy-drowsy uses a combination

of SRAM VCs and STT-RAM VCs, termed as the hierarchical buffer architecture.

The proposal uses one SRAM VC that is always powered-on and another SRAM

VC that can be kept in low-power (drowsy) mode when not in use. Additional

STT-RAM-based VCs are kept power gated in low traffic and are turned on during

medium to the heavy network traffic load. The SRAM-based VCs are kept in the

drowsy state when not in use to save leakage and reduce the wake-up cycles.
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6.3 Zero byte based ENCOding: ZENCO

As we have seen in Section 6.1, the share of zero bytes in a cache block is significant.

There is a big percentage of cache blocks that either has only zero bytes or more

than 50% of bytes as zero (cf. fig. 6.3). Removing these zero bytes from the cache

block (data packet) coming to NI will reduce packet size significantly, which results

in lesser flits in a network.

The zero bytes present in the data packet can be as continuous byte stream or

distributed across the cache block. If an incoming data packet has all bytes zero,

only a single flit, i.e., the header is sent to the destination with the information of

the data packet being zero. The decompressor uses this information to regenerate

the zero packet(s) and forwards it to the receiver buffer. Otherwise, when the

packet has a combination of zero and non-zero data bytes, we need some encoding

mechanism to compress it.

There are encodings prevalent in the community dealing with sparse data, e.g.,

sparse CNN [186]. Such encodings are very space-efficient; however, performing

them at the runtime would delay the packet transmission as it consumes large

cycles for the encoding, nullifying the effect of savings due to compression. In this

work, we propose a method of compression/decompression that takes into account

zero bytes within the data packet at the granularity of word level. In our technique,

when performing the compression, if the zero words are identified in the data

packet, then it is not transmitted in the network; otherwise, it is transmitted. Once

the compressed packet reaches the destination, the decompressing unit requires

information about the positions of the zero and non-zero words. For this purpose,

we prepare an n entry binary array (called isZeroVector) where each bit or the

entry of the array representing whether the corresponding location of the word

in the original uncompressed data packet is zero or not. In the compressed data

packet, this isZeroVector array is added at the front of the packet.

Figure 6.7 shows the sample packet has 4 words and 1 header in an uncompressed

form and the packet after compression with the isZeroVector binary array. The
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Header

isZeroVector

0x4520AD01 0x00000000 0x1A7D90510x00000000

0 1 1 0Header 0x4520AD01 0x1A7D9051

4 bytes 4 bytes 4 bytes 4 bytes

Saving (8 bytes – 4 bits)

4 bytes 4 bytes4 bits

Figure 6.7: Packet compression example.

isZeroVector consists of a 1-bit entry for every data word present in the packet. If

the first word is zero, then a ‘1’ is written in the first position of isZeroVector. If

the word is non-zero, then a ‘0’ is written in the corresponding position. As can be

seen from the figure, the bit vector has the content 0 1 1 0 as the corresponding

words are non-zero, zero, zero, and non-zero, respectively, in the uncompressed

data packet. It is also seen that the encoding saves considerable space compared

to the original packet. However, the isZeroVector array is an overhead, but it is a

single bit array and can be easily accommodated in the header as meta-data1.

Note that the proposed encoding will give a compression ratio depending on the

number of zero data words. We can achieve different levels of compression ratio,

by performing the encoding at a coarse level (say 8B or 16B at a time) or finer

level (say 2B or 1B at a time). The analysis with different sizes of the data words

is presented in subsection 6.5.2.11.

6.3.1 Architecture

Encoder: As shown in figure 6.8, for every word we need a zero detection logic.

This logic will output a ‘1’ if the word is zero and a ‘0’ otherwise. The output of

the logic is stored into the corresponding position of the bit vector. The words

that are not zero are copied to the compressed data array. The zero detection

logic and the logic to store the output bit in the bit vector operate in a parallel or

pipelined way. Hence, the compression needs a total of 2 cycles.

1Note that for the transmission protocol which does not demand head and tail flits, the
number of flit after compression may increase by one as the isZeroVector will be sent with the
first flit, and it may change the size of compressed data.
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Zero Detection
Logic

Zero Detection
Logic

Zero Detection
Logic

Zero Detection
Logic

isZeroVector

Non-Zero words

0x4520AD01 0x00000000 0x1A7D90510x00000000

0 1 01

0x4520AD01 0x1A7D9051

Figure 6.8: A single ZENCO compression module

Reconstructed packet

isZeroVector Non-Zero word

0x4520AD01 0x1A7D90510 011

0x4520AD01 0x1A7D90510x00000000 0x00000000

Figure 6.9: A single ZENCO decompression module

Decoder: As shown in figure 6.9, for every position in the bit vector, if it is

zero, then copy the word from the packet to the decoded final packet. If the bit

is one, then skip copying the word in the final packet, and the zero words are

inserted. The decoded packet thus constructed and forwarded to the receiver.

The decompression takes 2 cycles after applying optimization given in [182].

6.3.2 Write Variation Aware Compression: ZENCO RR

We propose to use STT-RAM-based buffers in NoC routers. There are two meth-

ods to improve write-endurance of STT: i) write reduction technique and ii) wear

levelling technique (discussed in Chapter 2) . The compression/decompression falls

into the write reduction technique. In the proposed technique, the compression

reduces the number of flits by 48% in the network (detailed result and analysis

are given in section 6.5). However, this does not improve the lifetime of a buffer

since the process adopted by a general-purpose NoC router to allocate VCs at

the ports for the incoming flits uses the first available VC. This results in uneven
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writes across VCs in a virtual network. In this scenario, the low endurance STT-

RAM memory elements lifetime get affected if there are variations in the number

of writes.

To mitigate the unwanted write variation in VCs, we integrate the Round Robin

based wear-levelling with Zero byte ENCOding, ZENCO RR. We define a write

variation and buffer’s raw lifetime (Section 2.3.2) as the inverse of the maximum

number of writes on that buffer.

Here, to reduce the write variation, we use a round-robin based VC selection

method at each input port of a router in the network to allocate the flits into

a VC. In particular, at every VC allocation stage, instead of selecting the first

available VC, the VC allocator selects a VC among available VCs in round-robin

fashion. This selected VC is allocated to the incoming packet in the downstream

router. This guarantees that each VC gets a chance to be allocated to some packets

after certain cycles.

6.4 Dirty Data based VC Selection: DidaSel

Aim of this chapter is to limit the amount of data that is sent via STT-RAM

VCs. This is achieved by identification and transmission of only the modified

content within a cache block during writebacks. A writeback involves sending the

complete cache block to the next level memory by dividing the block into flits for

wormhole routing. As seen from the Section 6.1, figure 6.5, there is a significant

percentage of data blocks that have few flits dirty. In particular, when a higher

level cache writes back data to lower-level memory, we identify the flits that have

changed and only transmit such dirty flits through the network. The dirty only

data is provided to the NI by the cache controller. For this, the cache controller

maintains extra bits with each block to keep track of dirty data at the flit-level

granularity.
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Figure 6.10: Flowchart for proposed technique: DidaSel. (a) VC allocation
strategy for LOAD packets. (b) VC allocation strategy for Write-Back packets

Data traffic passing through the network comprises of loads and stores. For data

load(reads), the complete packet must be sent over the network. This is done

preferably through SRAM based VCs. If such a VC is not free, then they are

sent via STT-RAM VC. For stores (writebacks), the cache controller sends only

the modified/dirty flits to NI. The header will have information on which flits are

being sent. If the number of dirty flits is lesser than a threshold, then we send them

via STT-RAM VCs, otherwise via SRAM VCs. The hypothesis is that, as lesser

flits are travelling in place of a complete data packet, even if they travel via a slower

STT-RAM pathway, they will not result in network performance degradation. In

case the chosen type of VC is not free, then the flits are sent via the first available

VC irrespective of its type. Figure 6.10 gives the flowchart of the proposal. The

decision of VC allocation is taken at the network interface of the router.

Figure 6.11 shows a working example of the proposal. For this illustration, we
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Figure 6.11: Working example of proposed technique: DidaSel.

have taken the threshold as 2, i.e., if the packet has more than two flits dirty,

then they are sent via SRAM else via STT-RAM. The packet pktA coming at time

t1 has two flits dirty, and hence it gets written to STT-RAM VC. Whereas, the

packet pktB coming at time t2 has three flits dirty hence the packet gets written

into SRAM VC. The packet pktC is a load packet which will get assigned to SRAM

VC. Note that for packet pktA and pktB are not load packets, and only dirty flits

will be sent to the destination.

6.5 Experimental Evaluation

Parameter SRAM Drowsy-SRAM STT-RAM
write latency (cycle) 1 1 2
read latency (cycle) 1 1 1
read energy/bit (pJ) 0.026 0.026 0.022
write energy/bit (pJ) 0.0363 0.0363 0.182
leakage power (mW) 0.206 0.052 0.067

Table 6.1: SRAM and STT-RAM buffer configuration

Parameter Details
core count 16, 64, 2GHz
topology 4 × 4 mesh, 8 × 8 mesh

L1 I & D cache , L2 cache 64KB, 64KB, 4MB (64B block size)
router pipeline 3 stage, 16B flit

packet size control 1 flit, data 5 flits
virtual network count 3 per port with 4 VC per VNet

(ZENCO: 4-STT)
(DidaSel: 2-SRAM, 2-STT)

virtual channel depth 1 buffer for control, 4 buffers for data VC

Table 6.2: System and Interconnect configuration
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Parsec Benchmarks
Canneal (Cann), Dedup (Dedp), Fluidanimate (Flud), Freqmine (Freq),

Streamcluster (Strm), X264 (X264)
SPEC Benchmarks

astar (as), bzip2 (bz), cactusADM (ct), calculix (cl), dealII (dl), gamess (ga),
gcc (gc), GemsFDTD (ge), gobmk (go), gromacs (gr), h264ref (hr), hmmer (hm),

lbm (lm), leslie3d (ls), libquantum (lb), mcf (mf), milc (ml), namd (na),
omnetpp (om), perlbench (pb), sjeng (sj), soplex (sp), tonto (to), zeusmp (ze)

Table 6.3: Benchmark acronym

16 cores
Mix Workloads Mix Workloads

0 4×hr, 4×lb, 4×ls, 4×mf 1 4×ct, 4×ga, 4×gr, 4×ze
2 4×ga, 4×gr 4×hr, 4×mf 3 4×dl, 4×ct, 4×ls, 4×ze
4 4×gc, 4×lb, 4×om, 4×pb 5 4×bz, 4×hm, 4×ml, 4×sp
6 4×gc, 4×hr, 4×ml,4×pb 7 4×bz, 4×lb, 4×om, 4×sp
8 4×dl, 4×hr, 4×sj, 4×to 9 4×as, 4×cl, 4×go, 4×na
10 4×go, 4×na, 4×sj, 4×to 11 4×as, 4×cl, 4×dl, 4×hm

64 cores
Mix Workloads Mix Workloads

0 8×lm, 8×ct, 8×mf, 8×ze 1 8×lm, 8×ct, 8×ls, 8×gr
2 8×ls, 8×gr, 8×mf, 8×ze 3 8×pb, 8×bz, 8×gc, 8×sp
4 8×om, 8×hm, 8×ml, 8×lb 5 8×pb, 8×bz, 8×om, 8×hm
6 8×ml, 8×lb, 8×pb, 8×bz 7 8×dl, 8×na, 8×as, 8×sj
8 8×cl, 8×to, 8×hr, 8×ge 9 8×dl, 8×na, 8×cl, 8×to

Table 6.4: Multi-programmed workloads

6.5.1 Experimental Setup

We evaluate our proposed approaches: ZENCO, ZENCO RR, and DidaSel on

a full system Gem5 [168] with Garnet2.0 [169] as the interconnection network

model for NoC performance. We use DSENT [170] for router power analysis at

32nm technology. The detailed system configuration is given in table 6.2. We

use CACTI-STT [171] and NVSIM [172] to get SRAM and STT-RAM latency,

read-write energy, and leakage power. Table 6.1 shows all the obtained timing

and energy parameters. We evaluate our work with PARSEC [174] and SPEC

CPU2006 [173] benchmark suites. The acronym used for benchmarks is given in

table 6.3. From the list of SPEC benchmarks, we made twelve multi-programmed

workloads for 16 cores and ten multi-programmed workloads for 64 cores. The

list of the mix of multi-programmed workload is given in table 6.4. We warm up

each multi-programmed workload for 1 billion instructions and run for 100 million

instructions.

To show the effectiveness of the proposed techniques, we have compared it with

existing techniques [182, 185, 1]. The zero bytes based proposals, ZENCO and
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ZENCO RR, are compared with two methods, No∆ [185] compression and the

zero content-based compression (Zero-STT ) [182]. The dirty data based proposal

is compared with the three existing methods, the zero flit based compression,

Zero [182], No∆ [185] compression and the hybrid hierarchical buffer based policy,

Hy-drowsy [1] (see section 6.2). For a fair comparison, we have kept hybrid buffers

with No∆ and Zero policies since the proposed policy uses hybrid buffer. For our

proposal DidaSel, the threshold2 is taken as 2 i.e., if a packet has more than two

dirty flits, send via SRAM.

Zero policy uses a zero content-based compression at the network interface. Here, a

header flit is sent over the network for zero data. Whereas in No∆, the compression

is based on the intra-variance distance between the flits of the data packet. The Hy-

drowsy uses traffic based packet assignment into drowsy-SRAM and STT-RAM

VCs rather than using any compression technique. This technique keeps STT-

RAM VCs power gated when traffic is low. The SRAM VCs are kept in drowsy

mode when not in use to save wake-up cycles of SRAM VCs.

We have also compared with the baseline network having pure SRAM buffers

(SRAM ), pure STT-RAM buffers (BASE-STT /STT ), and hybrid buffers (2-

SRAM and 2-STT VCs) (Hy). In all hybrid policies, we have used STT-RAM-

based first two VCs and SRAM based other two VCs.

As the metrics used for evaluation of ZENCO and DidaSel are different, we present

their results in two separate sections. In particular, ZENCO is evaluated based on

compressibility of packets based on zero value content, whereas, DidaSel uses the

number of dirty flits written back by the higher-level cache(s).
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Figure 6.12: Ratio of compressible packets in 4 × 4 mesh network (higher is
better).

Figure 6.13: Flit compression ratio in 4× 4 mesh network (lower is better).

6.5.2 Results and analysis for ZENCO and ZENCO RR

6.5.2.1 Compression Ratio

We define the flit compression ratio as the ratio of compressed data by uncom-

pressed data. It shows the fraction by which uncompressed data reduces after

compression. At the same time, the packet compression ratio shows the frac-

tion/percentage of packets that go through compression. Note that the number

of packets does not change under compression. Also, after the compression, the

flit size remains intact, and only the number of flits that traverse in the network

reduces. Hence, the lesser the flit compression ratio and the more the packet

compression ratio indicates better compression performance of the technique.

Figure 6.12 and 6.13 show the normalized packet and flit compression ratio respec-

tively for all the techniques. Our proposed techniques, ZENCO and ZENCO RR,

2Threshold as two is found using empirical analysis on the benchmarks given in the Table 6.4.
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Figure 6.14: Normalized flit count for all policies w.r.t. baseline SRAM for
4× 4 mesh network (lower is better).

show better packet compression of 79% and 78% on average. Whereas, in Zero-

STT and No∆ only 30% and 37% of packets go through compression respectively.

The proposed techniques also show better flit compression performance with ratios

of 0.52 and 0.53 on average. Whereas, Zero-STT and No∆ obtain flit compression

ratio of 0.76 and 0.73 respectively. The policy ZENCO RR only differs in the write

distribution of incoming packets at the router buffers compared to ZENCO, and

hence, it does not show any impact on compression ratio.

6.5.2.2 Total Flits in network

Figure 6.14 reports the normalized flit count in the network against the baseline.

Proposed techniques reduce the number of flits by 48% and 47% over the SRAM.

Whereas Zero-STT and No∆ reduce flits by 23.8% and 26.8% respectively. The

further improvement in the number of flits over the existing technique is due to the

improvement in the compression ratio by the proposed technique over the existing

work.

6.5.2.3 Impact on Latency

Figure 6.15 presents the effect of the compression in the network latency with

respect to SRAM. The write operation of STT-RAM takes 2 cycles, whereas for

SRAM takes only 1 cycle (c.f. table 6.1). Note that according to [56], we have

used lower retention time in order to reduce write cycles. A pure STT-RAM based
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Figure 6.15: Normalized packet latency for all policies w.r.t. baseline SRAM
for 4× 4 mesh network (lower is better).

design, BASE-STT, shows 19% increase over SRAM based design. Our proposed

techniques increase latency by 4% (ZENCO) and 4.5% (ZENCO RR) with respect

to SRAM which is an improvement by 12% and 11.8% over the BASE-STT design.

Whereas, the policies Zero-STT and No∆ show 4.5% and 5.6% improvement over

BASE-STT design respectively.

6.5.2.4 Write Variation

Figure 6.16: Percentage reduction in Write variation for all policies w.r.t.
baseline BASE-STT for 4× 4 mesh network (higher is better).

Figure 6.16 shows the reduction in write variation by all techniques with respect

to BASE-STT design. Our proposed technique: ZENCO RR reduces the write

variation by 99.6% over BASE-STT. Whereas, the policies Zero-STT, No∆, and,

ZENCO reduces write variation by 3.6%, 3.3% and 7% over BASE-STT. The

reduction in the write variation is basically due to a round-robin policy for the

allocation of VCs by the ZENCO RR, whereas, the existing technique chooses

the first available VC for the packet allocation; as a result, the unwanted write
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Figure 6.17: Normalized lifetime for all policies w.r.t. baseline BASE-STT
for 4× 4 mesh network (higher is better).

variation is generated. However, the lesser number of flits in the network shows a

small reduction in write variation without the use of any wear-levelling technique.

6.5.2.5 Analyzing effect on Lifetime

Our policy improves the lifetime by 1.9 times in ZENCO and 5.4 times in ZENCO RR

over the BASE-STT. The policies Zero-STT and No∆ shows lifetime improvement

by 1.24 and 1.27 times over the BASE-STT respectively. Compared to ZENCO,

ZENCO RR further improves the lifetime by 2.9 times.

6.5.2.6 Network Energy Analysis

Figure 6.18: Normalized total energy for all policies w.r.t. baseline SRAM
for 4× 4 mesh network (lower is better).

The figure 6.18 shows the normalized total energy for all policies with respect to

SRAM based design. Due to the very less static energy of STT-RAM, we get a
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Figure 6.19: Normalized dynamic energy for all policies w.r.t. baseline BASE-
STT for 4× 4 mesh network (lower is better).

66% to 67% reduction in total energy in all the STT-RAM-based techniques. The

writes in STT-RAM require more energy, which increases the dynamic energy of

the system. In figure 6.19, we have presented the comparison of dynamic energy

for all compression techniques. In proposed policies, ZENCO and ZENCO RR,

the dynamic energy is reduced by 18.8% and 18.7% respectively over Zero-STT

and 15.67% and 15.63% over No∆. This reduction in dynamic energy is due to

the lesser number of flits written in the buffer (STT-RAM) compared to existing

techniques. Similar dynamic energy reduction can be found in SRAM based buffer

design when ZENCO and ZENCO RR are implemented. However, in the case of

SRAM, the leakage power dominates over the dynamic power, and hence, due to

this fact, very little saving is achieved in the total power consumption.

6.5.2.7 Link Utilization

Figure 6.20: Link utilization for all policies w.r.t. baseline SRAM for 4 × 4
mesh network (lower is better).
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Figure 6.21: Normalized buffer utilization for all policies w.r.t. baseline
SRAM for 4× 4 mesh network (lower is better).

The link utilization represents the network load. Lower the link utilization lesser

the network become congested. The figure 6.20 shows the average link utilization

of the proposed techniques and existing techniques against the SRAM. ZENCO

and ZENCO RR reduce the link utilization by 35.3% and 38% over SRAM, 12.6%

and 15.38% over Zero-STT, and, 11% and 13.7% over No∆.

6.5.2.8 Buffer Utilization

The figure 6.21 shows the buffer utilization reduction of the proposed techniques

and existing techniques against the SRAM. On average, the ZENCO and ZENCO RR

reduce the buffer utilization by 37.3% and 37% over SRAM, 17.4% and 17% over

Zero-STT, and, 15% and 14.7% over No∆.

6.5.2.9 Impact on CPI

Figure 6.22: Normalized CPI for all policies w.r.t. baseline SRAM for 4 × 4
mesh network (lower is better).
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The reduction in network latency improves performance. As shown in figure 6.22,

the CPI improves by 1% and 1.8% in ZENCO and ZENCO RR policies respec-

tively. This improvement is due to the less number of flits travel in the network

in the proposed policy.

6.5.2.10 Compression effectiveness on Larger Network

Metric Zero-STT No∆ ZENCO ZENCO RR Row
Packet compression ratio 50% 56% 90% 90% 1

Flit compression ratio 0.6 0.56 0.37 0.366 2
Reduction in network flit 40% 44% 63% 63.4% 3
% reduction in write var. 1% 1.2% 4.7% 99.3% 4

Normalized lifetime 1.7 1.75 2.2 7 5
Latency increase 9.3% 8.8% 1.5% 0.9% 6

Table 6.5: Result analysis for all policies in 8× 8 mesh network.

The Table 6.5 shows results for all policies on 8× 8 mesh network. Note that the

table contains the geometric mean of all simulations run on benchmarks mentioned

in Table 6.4. As can be seen, a total of 90% of packets are compressed, giving 0.37

of flit compression ratio in ZENCO and ZENCO RR. As expected, the policies

Zero-STT and No∆ shows lesser compression ratio [Table 6.5, row 1-2, column

3-4]. The number of flits reduced in proposed policies is 63% and 63.4% whereas,

policies Zero-STT and No∆ reduce flits by 40% and 44% respectively. The policy

ZENCO RR reduces write variation by 99.3% and improves lifetime by 7 times.

6.5.2.11 Analyzing effect of Word Size

Network
Word
size

Packet
compression

ratio (%)

Flit
compression

ratio

Reduction in
number of
flits (%)

4x4
2 96.5 0.46 54
4 79 0.52 48
8 56.5 0.6 40

8x8
2 98.4 0.336 66.4
4 90 0.37 63
8 80 0.41 59

Table 6.6: Compression word size analysis for proposed policy.

The word size and isZeroV ector are important parameters since the compression

ratio varies with the size of the word. Also, the size of the isZeroV ector depends

on the word size chosen for the compression. Note that the packets are compressed
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only if there is at least one flit saving due to compression. Smaller word size leads

to having more entries in isZeroV ector, whereas bigger word size reduces the

compressibility of a packet since the compressor checks for all bytes as zero in

the word. The entries in isZeroV ector are in bits, and hence there is not much

overhead if the compression word size is small. However, the smaller word size

needs to have more hardware-level parallelism to achieve compression as fast as

possible. The table 6.6 shows the compression effectiveness for proposed policies

for various word sizes. The table shows that for word size 2, there is 96.5% of

packets go through compression. Whereas, for word size 4 and 8, the packets

compressed are 79% and 56.5%, respectively. The word size 2, 4 and 8 obtain flit

compression ratio of 0.46, 0.52 and 0.6 respectively. The less compression ratio

here results in lesser packet injection into the network. The compression with

word size 2, 4, and 8 reduce the number of flits into the network by 54%, 48%,

and 40%, respectively. As can be seen that the proposed policy, ZENCO, shows

better compression effectiveness in larger (8× 8 mesh network) network.

6.5.3 Results and analysis for DidaSel

6.5.3.1 Reduction of Flits in-network:

Figure 6.23: Normalized write-back flit reduction w.r.t. SRAM for 4×4 mesh
network (higher is better).

The writeback flits are defined as the flits from writeback cache blocks that go

through the network. Whereas, the network flits are all the flits that go through

the network ( including load and write-back flits).
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Figure 6.24: Normalized network flit reduction w.r.t. SRAM for 4× 4 mesh
network (higher is better).

Figure 6.23 shows the reduction in writeback flits. The proposed policy DidaSel

shows 52.7% reduction whereas, 13% and 30.7% reduction has been observed by

Zero and No∆ respectively. Figure 6.24 reports the normalized total flit count in

the network against the baseline. On average, proposed technique DidaSel reduces

the total number of flits by 27% over the SRAM baseline. Whereas Zero and No∆

reduce flits by 20% and 27.6% respectively. Note that the policies Hy and Hy-

drowsy has no flit reduction method, hence we have not included the policies in

figures 6.23 and 6.24.

6.5.3.2 Impact on Latency:

Figure 6.25: Normalized packet latency w.r.t. SRAM for 4× 4 mesh network
(lower is better).

The NVM memory technologies, such as STT-RAM, have high write latency. Fig-

ure 6.25 presents the effect of the proposed policy on network latency with respect

to SRAM. The write operation of STT-RAM takes two cycles, whereas, for SRAM,

it takes only one cycle (c.f. table 6.1). Note that according to [56, 57], we have
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used lower retention time in order to reduce write cycles. A pure STT-RAM based

design, STT, shows 13% increase, whereas hybrid design, Hy, increases latency by

10% over SRAM based design. The proposed technique DidaSel maintains latency

same as SRAM, which is improvement of 13% over the STT design. Whereas, the

policies Zero and No∆ show around 7.2% and 6.5% increase over SRAM and,

5.3% and 6% improvement over STT design, respectively. In policy Hy-drowsy,

maximum packets travel using SRAM VC since an SRAM-based VC is always

kept active. This improves latency over STT by 8% and causes degradation of

4.6% with respect to SRAM. Our proposed technique helps to maintain cycles per

instruction (CPI) same as SRAM. Whereas STT design degrades CPI by 2%.

6.5.3.3 Analysing effect on Lifetime:

Figure 6.26: Normalized lifetime w.r.t. STT for 4× 4 mesh network (higher
is better).

The lifetime of memory can be defined either with a raw lifetime or error-tolerant

lifetime [187]. The raw lifetime is determined by the first memory cell that wears

out, whereas error-tolerant lifetime is determined by the error recovery methods

along with raw lifetime. In this work, we focus on the raw lifetime, which is the

base of an error-tolerant lifetime. We have considered a buffer’s raw lifetime as

the inverse of the maximum number of writes on that buffer.

Our policy DidaSel uses a threshold-based flit distribution technique, which limits

the number of writes in STT-RAM-based VC. This leads to the improvement of the

lifetime of such VCs. On average, DidaSel improves the lifetime by 5.25 times over

the STT baseline (c.f. 6.26). The policies Hy, Zero and No∆ has no VC selection
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policy to limit packet allocation to STT-RAM based VCs. However, due to the

reduction of the number of flits in the network, the policies Zero and No∆ show

lifetime improvement by 1.4 and 1.5 times over the STT baseline respectively. The

Hy policy does not show any lifetime improvement since the heavily written buffer

is the same as in STT base design. The policy Hy-drowsy activates VCs based

on network traffic where an SRAM-based VC is always kept on. This reduces

the writes in STT-RAM-based VCs. However, the policy does not support any

VC selection method which results in lesser lifetime improvement even though the

number of packets assigned to STT-RAM VCs is much lesser in comparison to

DidaSel

6.5.3.4 Network Energy Analysis:

Figure 6.27: Normalized dynamic energy w.r.t. STT for 4× 4 mesh network
(lower is better).

Figure 6.28: Normalized total energy w.r.t. SRAM for 4 × 4 mesh network
(lower is better).

In figure 6.27, we have presented the comparison of buffer’s dynamic energy for

all techniques. The writes in STT-RAM require more energy, which increases the
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Figure 6.29: Normalized EDP gain for all policies w.r.t. baseline SRAM for
4× 4 mesh network (lower is better).

dynamic energy of the system. The reduction in network traffic leads to dynamic

energy savings. In proposed policy, DidaSel, the dynamic energy is reduced by

74.28%, in Zero by 28.7%, 31.2% in No∆ and 20% in Hy-drowsy over STT baseline.

Figure 6.28 shows the normalized total energy for all policies with respect to

SRAM based design. Due to very less static energy of STT-RAM, we get 29.4%

savings in total energy in DidaSel policy and around 25.4% in Zero and 25.7% in

No∆ technique. The policy Hy-drowsy uses drowsy SRAM, rather than keeping it

power gated, which reduces wake-up latency for SRAM-based VCs. The drowsy

SRAM consumes less leakage power during drowsy cycles, which results in total

energy savings of 26.5% over SRAM based design. Figure 6.29 presents normalized

Energy Delay Product (EDP) gains for all policies over SRAM baseline. Similar

to total energy, DidaSel shows EDP gain of 27.88%.

Performance
metric

Flit size (in Bytes) 8×8 mesh
network

Row
8 16 32

Write flit
reduction (%)

58 52.7 29 67.5 1

Network flit
saving (%)

54 27 22 38 2

Latency
improvement (%)

10 0.82 -7.4 0.76 3

Dynamic energy
saving (%)

81.6 74.28 63.5 75.88 4

Total energy
saving (%)

33.5 29.4 25.8 27.6 5

EDP gain (%) 36.88 27.88 20 24 6
Column 1 2 3 4

Table 6.7: Performance analysis of proposed policy for different flit sizes and
effect on larger network of 8×8.
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6.5.3.5 Effect of Flit Size

In DidaSel, only dirty flits get injected into the network during writeback. The

amount of dirty bytes in a flit depends on the flit size. A finer level of extraction

ensures less clean bytes in the flit, which results in lesser clean data in the network.

Table 6.7 (Column 1-3) shows the effect of flit width on DidaSel. The flit size of

8 bytes decreases the number of write-flits in the network by 58%, whereas if we

increase flit size to 16 and 32 bytes, the reduction is 52.7% and 29%. The reduction

in writeback data results in 54%, 27%, and 22% lesser total flits in the network for

flit sizes 8, 16, and 32 bytes, respectively. The write-flits reduction is maximum

for smaller flits (8 bytes), which leads to latency improvement of 10% over SRAM

baseline. The bigger flits increase clean data in the network and hence latency.

For flit size 16 bytes, the latency is almost the same as SRAM design, whereas,

for 32 bytes flit size, the latency increases by 7.4% over SRAM design (as can be

seen from the row 3, column 3, Table 6.7). The effect on flit reduction impacts

the buffer dynamic energy. The more reduction in network flits results in more

dynamic energy savings, which is for flit size 8 bytes (Row 4, Column 2, Table 6.7).

Similar dependency can be observed for flit size 16 and 32 bytes. Note that the

threshold is 2 for flit-size analysis. A similar effect can be observed in total energy

savings and EDP gains. Also, note that smaller flit sizes have more overhead at

cache block level to keep track of dirty data.

6.5.3.6 Effect on Bigger Network

To show the effect of the proposed policy on a bigger network, we have also per-

formed an analysis of 8×8 mesh network, and the results are given in Column 4 of

Table 6.7. On average, the write flit savings is 67.5%, which results in a reduction

of total flits in the network. The network flits are reduced by around 38% on

average. Also, it has been observed that network latency performance is better

than a smaller network. Similar results have been found for dynamic energy, total

energy, and EDP gain. Note that the flit size here is taken as 16 bytes.
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6.5.3.7 Overhead Analysis

The policy DidaSel uses a dirty bit per flit in a cache block to store the clean/dirty

status of each flit in the block. These bits constitute storage overhead of 0.72%

w.r.t. to baseline system given in Table 6.2. For each write from the processing

unit to L1, the corresponding dirty bit is set. When the data is sent from L1 to

L2, these dirty bits are examined by the cache controller to extract dirty flits from

the cache block before it gets injected into the network by DidaSel.

6.6 Summary

The work proposed to use NVM based STT-RAM buffers as they promise high

density and low leakage over SRAM counterpart. The major drawbacks of STT-

RAM are their costly write operation and low write endurance, which consume

more dynamic power and affect the lifetime of the buffers. Towards solving these

issues, the chapter proposed three policies to reduce dynamic energy and write

variation across the buffers. The first two policies ZENCO and ZENCO RR use

zero-byte based packet compression, which reduces the number of flits in the net-

work resulting in lesser dynamic power consumption. The policy, ZENCO RR,

does the compression with wear-levelling technique to reduce write variation. By

experimental evaluation, we found out that ZENCO achieve a compression ratio

of 0.37 and ZENCO RR enhance lifetime by 7 times with a significant reduction

in dynamic energy over baseline. The third policy, DidaSel, uses dirty flit based

packet traversal, which reduces the number of flits in the network. Depending on

the number of dirty data flits, the policy does VC selection. If the number of dirty

flits is more than a threshold, then the packet travels via SRAM VC otherwise

via STT-RAM VC. This leads to an improvement in network latency and network

dynamic power consumption. The full system experimental evaluation shows that

DidaSel achieves a reduction in writeback flits by 53%, and total network flits re-

duce by 27%. It shows 5.25 times lifetime improvement of STT-RAM-based buffers
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over the STT baseline. The policy shows significant improvement in dynamic and

total energy consumption.

Thus, by using appropriate compression and wear-levelling techniques, the NVM

buffers can become a good choice for the NoC router buffers.

TH-2947_126101001



TH-2947_126101001



Chapter 7

Conclusion

NoC is the backbone of communication for today’s CMPs and also a significant

contributor to the power budget. Specifically, the buffers at the ports consume

more power in terms of leakage. This thesis proposed to use NVM-based STT-

RAM buffers as they promise high density and low leakage. The major drawbacks

of STT-RAM are their low write endurance which can affect the lifetime of the

buffers and costly write operation. The research work in this thesis is motivated

towards improving the utilisation of emerging non-volatile memory technologies

and make them a viable option for the NoC router buffers. Towards this, we

worked in the following two directions: (i) to extend the lifetime of the NVM

buffers affected due to the weak write endurance and unwanted write variations

(ii) to overcome the costly write operations and improve the performance and

reduce the energy consumption.

Towards solving in the former direction, we proposed two kinds of wear levelling

techniques: Intra-VNet wear levelling (methods to minimise the write variation

inside the virtual network), and Inter-VNet wear levelling (techniques to reduce

the write variation across the virtual network). Whereas, for a solution in the

latter direction, we make use of the concept of data compression where a cache

block is compressed before it is injected into the on-chip interconnect. In this

context, two techniques were proposed in this dissertation that make use of zero

bytes and dirty words to compress the data and reduce traffic in the network. This

177
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chapter sums up all the proposed contribution of this dissertation along with the

future directions for research.

7.1 Summary of Contributions

• Write Variation aware wear levelling approach using Static buffer As-

signment to Virtual Channels:

This contribution satisfies the Objective-1 (c.f. section 1.5) which is as follows:

“Minimize write variation across the virtual channels in each VNets.”

Towards this, in this work, we proposed Iso-Capacity and Iso-Area-based VC

allocation policies to reduce write variation across buffers. The set of buffers

assigned to each VC remain permanently assigned to the particular VC through-

out the lifetime of the design. The Iso-Capacity policies WVAR and Hy-WVAR

reduce write variation across VCs within the VNets by allocating lightly writ-

ten VCs to newly arriving packets. This reduces the write variation to almost

0%. The lifetime is improved by 3.9 times and 308 times in WVAR and Hy-

WVAR, respectively. The Iso-Area proposal divides the three times resources

into sets and presents the scheduling of these sets in the VC allocation proce-

dure. A round-robin allocation of sets (SET-RR) improves packet latency but

does not help in reducing the write variation. This reduces the write variation

by 55.3% over the baseline policy. The other proposal SET-VNet-WC picks

up those VNets from across the sets that have the least, write counts. Write

counts are maintained with each VNet, and the selection of VNets to be used for

packet transmission is performed at fixed intervals. The policy reduced the write

variation by almost 0% and improved lifetime by 11.8 times over the baseline.

The hybrid variant of this policy also reduced the write variation and improved

lifetime by 1093 times over the baseline.
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• Wear Levelling by Dynamic Buffer Assignment to VCs:

The contribution proposes dynamic wear-levelling techniques at the buffer to-

wards achieving Objective-2 (c.f. section 1.5) which is as follows: “Minimise

write variation across the VNets in the input port buffers.”

In this proposal, two Intra-VNet wear levelling techniques, Dy-WVAR and Hy-

Dy-WVAR, were proposed which aim to further enhance the lifetime of the

STT-RAM buffers by distributing the writes in buffers across VNets: Inter-

VNet write variation. To control the variation across VNets, we proposed to

create buffer groups which were dynamically assigned to the VNets at runtime

depending on their write counts. In particular, VNets incurring more write were

subsequently assigned to buffer groups incurring lesser writes during an interval.

These policies reduce write variation to almost 0% and improve the lifetime by

19.92 and 55.5 times over baseline STT-RAM design. The pure STT-RAM

design Dy-WVAR increases latency by 27% over SRAM, which is rectified by

the Hy-Dy-WVAR design, which makes the latency 22% over SRAM.

• Power saving using Frequency Scaling and Power Gating:

The contribution proposes design alternatives for buffer management in dark-

silicon based CMPs towards achieving Objective-3 (c.f. section 1.5) which is as

follows: “In Dark Silicon, when most of the nodes are power-off identify methods

to save energy and improve performance while maintaining connectivity.”

This work investigated different proposals that keep the routers always powered

ON, yet help in energy savings. Towards this, we explored the use of frequency

scaling and non-volatile memory technologies. The first proposal suggested re-

ducing the frequency of routers that are attached to powered down nodes in

dark silicon. Reducing frequency saves on dynamic energy and results in a re-

duction in overall energy consumption. However, reduction in frequency affects

the packet latency by around 8% and gives energy savings of 3.8% over baseline

SRAM.

For the other proposals, hybrid memories used to build the NoC router buffers.

In that, some VCs are made using SRAM, and some made using STT-RAM. As
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STT-RAM is denser than SRAM, more STT-RAM based VCs can be packed by

removing some SRAM based VCs. Only a few among these VCs are used at a

time, and the selection depends on the write counts encountered by them. This

helps in the distribution of writes evenly across the VCs and helps in handling

the weak endurance problem of STT-RAM. The proposal is to use all SRAM

VCs and a few STT-RAM VCs when the connected node is powered-ON. In

case the node is powered-OFF, the SRAM VCs are powered OFF, and the same

number of STT-RAM VCs are turned ON. The near-zero leakage of STT-RAM

helps in energy savings. The use of SRAM-STT hybrid helps in controlling

latency degradation due to slower writes of STT-RAM. Overall, this the policy

gives savings of 42.8% in energy with a latency overhead of 9.3%. Further, it is

suggested to use only STT-RAM VCs in the output ports of the neighbouring

router connecting to this router. To improve on latency impact if critical words

are being sent, then they are sent using the SRAM VCs. Both these policies

give energy savings of around 45% with latency overhead of 7 - 10%.

• Methods to reduce write operations:

This contribution satisfies the Objective-4 (c.f. section 1.5) which is as follows:

“Reduce the number of writes in NVM buffers to reduce costly write operation

and improve lifetime.”

Towards solving the issue of the costly write operation, the chapter proposed

three policies to reduce dynamic energy and write variation across the buffers.

The first two policies ZENCO and ZENCO RR use zero-byte based packet com-

pression, which reduces the number of flits in the network resulting in lesser dy-

namic power consumption. The policy, ZENCO RR, does the compression with

wear-levelling technique to reduce write variation. By experimental evaluation,

we found out that ZENCO achieves a compression ratio of 0.37 and ZENCO RR

enhance lifetime by 7 times with a significant reduction in dynamic energy over

baseline. The third policy, DidaSel, uses dirty flit based packet traversal, which

reduces the number of flits in the network. Depending on the number of dirty

data flits, the policy does VC selection. If the number of dirty flits is more than

a threshold, then the packet travels via SRAM VC otherwise via STT-RAM
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VC. This leads to an improvement in network latency and network dynamic

power consumption. The full system experimental evaluation shows that Di-

daSel achieves a reduction in write-back flits by 53%, and total network flits

reduce by 27%. It shows 5.25 times lifetime improvement of STT-RAM-based

buffers over the STT baseline. The policy shows significant improvement in

dynamic and total energy consumption.

Figure 7.1 summarizes the contributions of this thesis.

WVAR, Hy-WVAR
SET-RR, SET-VNet-WC

A Static Buffer Assignment
to VCs and write variation

aware VC allocation to packets
Iso-area and iso-capacity setups

Max. Lifetime: 3.4 - 24 times
Max. Energy savings: 56%

Frequency Scaling
+ Power Gating

For powered off PE put
the buffers in low frequency

or turn off some buffers

Max lifetime: 10 times
Max Energy savings: 46%

(dark = 50%)

Dy-WVAR + Hy-Dy-WVAR

Dynamic Buffer Assignment to
VCs which are formed using

buffer groups
based on write counts

Max. Lifetime : 20 - 55 times
Max Energy savings: 56% 

Aim of thesis: Lifetime Enhancement of
Non-Volatile Buffers

in on-chip interconnects

Write Reduction

Compression of packets based
on zero value data and
sending only dirty flits

Max lifetime: 5 - 7 times
Max Energy savings:

66% (Zenco), 30% (DidaSel)
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Figure 7.1: Summary of the thesis contributions. The results are shown for
STT-RAM and hybrid (SRAM + STT-RAM) buffers. Note that, the proposed
architectures are also evaluated with various router designs and with different

prior works.
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7.2 Combination of Techniques

Combination of policies
Baseline
policies

Lifetime
improvement

(times)

Latency
improvement

(%)
VC type

Dy-WVAR [ch. - 4]
+

ZENCO [ch. - 6]
Dy-WVAR, ZENCO 1.6, 9.7 15.4, -6 4 STT

Dy-WVAR [ch. - 4]
+

DidaSel [ch. - 6]
Dy-WVAR, DidaSel 2.24, 2.6 4.2, -8

2 SRAM
2 STT

SRAM-FRQSCL [ch. - 5]
+

ZENCO [ch. - 6]
SRAM-FRQSCL - 15.5 4 SRAM

Hy-NEIG-SEL-ON [ch. - 5]
+

Dy-WVAR [ch. - 4]
Hy-NEIG-SEL-ON 3 -2.9

2 SRAM
6 STT

Hy-CRIT-WRD [ch. - 5]
+

Dy-WVAR [ch. - 4]
Hy-CRIT-WRD 4.4 -3.5

2 SRAM
6 STT

Hy-NEIG-SEL-ON [ch. - 5]
+

ZENCO [ch. - 6]
Hy-NEIG-SEL-ON 2 15.8

2 SRAM
6 STT

Hy-CRIT-WRD [ch. - 5]
+

ZENCO [ch. - 6]
Hy-CRIT-WRD 1.9 13.7

2 SRAM
6 STT

Hy-NEIG-SEL-ON [ch. - 5]
+

Dy-WVAR [ch. - 4] + ZENCO [ch. - 6]
Hy-NEIG-SEL-ON 3.5 11.7

2 SRAM
6 STT

Hy-CRIT-WRD [ch. - 5]
+

Dy-WVAR [ch. - 4] + ZENCO [ch. - 6]
Hy-CRIT-WRD 5.13 12.5

2 SRAM
6 STT

DidaSel [ch. - 6]
+

ZENCO [ch. - 6]
DidaSel 2 4

2 SRAM
2 STT

Table 7.1: Relative lifetime and packet latency of combination of techniques
with baseline policies given in column II. Note that the negative values in the

table shows increase in latency.

In the thesis, we proposed several techniques to enhance the lifetime and reduce

the costly write operation of NVM buffers in on-chip routers. Each chapter fo-

cused on achieving an objective of either lifetime enhancement or write reduction

techniques. In this section, we analyse the combination of techniques and the

effect on NVM buffers lifetime and latency performance. Table 7.1 shows the

relative lifetime and latency as an effect of combining techniques across chapters

with respect to the baseline design. Note that the combination policies were run

using the SPEC 2006 benchmarks [12]. The techniques proposed in the thesis, use

different system parameters, such as router pipeline stages, VC types, number of

VCs per VNet, etc. For the fair comparison, we used baselines parameters with

combination policies for benchmark simulations.
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The section shows several combinations of our proposed policies on wear-levelling

and write-reduction techniques, and their effect on the lifetime and write operation

of STT-RAM buffers. The write variation reduction is maximum when Intra-

VNet and Inter-VNet write variation techniques are combined. The policy Dy-

WVAR uses WVAR (Intra-VNet write variation) across VCs, and Inter-VNet write

variation at the input port buffers. Hence, we have shown combinations of Dy-

WVAR rather than only WVAR with other techniques. Similar to WVAR, the

Iso-Area policies also reduce Intra-VNet write variation. Also, Iso-Area policies

were explored only for the large availability of resources; therefore, we have not

combined it with other policies.

• Dy-WVAR + ZENCO: We observed big improvement of NVM buffer life-

time on the combination of the policies Dy-WVAR (section 4.3) and ZENCO

(section 6.3). On comparison with Dy-WVAR policy, the combination policy

increases lifetime by 1.6 times, whereas it shows 9.7 times more lifetime with

respect to ZENCO policy. The ZENCO policy compresses the cache blocks,

which passes through the network which does not get assigned to all VNets.

However, the assignment of VNets to buffer groups evens out all the flits over

the input buffer. This also evens out the reduced flits in the network, and they

are distributed evenly across input port buffers; hence, we get more improve-

ment over ZENCO compression policy. The usage of pure STT-RAM buffers

results in increased packet latency and dynamic energy consumption. The com-

pression reduces data packet size and hence the number of flits in the network.

This shows a significant reduction in latency over pure STT-RAM buffer based

design. The ZENCO compression policy reduces flits in the network; hence,

dynamic energy reduction in the combination technique is about the same as

ZENCO and 30% with respect to STT-baseline policy.

• Dy-WVAR + DidaSel: The Dy-WVAR uses WVAR VC allocation and pro-

poses VNet to buffer group assignment to maximise the lifetime of NVM buffers.

Whereas, the DidaSel (section 6.4) policy compresses write-back cache blocks

and proposes to allocate SRAM or STT-RAM VC to incoming packet based on
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the data packet size. This limits the analysis of the combination policy with the

hybrid buffer design (used as a baseline). On analysis, we found that the com-

bination policy increases buffer lifetime by 2.24 and 2.6 times over Dy-WVAR

and DidaSel designs, respectively. The combination policy shows latency im-

provement over Dy-WVAR technique due to the reduced packet size. Whereas,

it shows latency degradation over DidSel policy due to the VNet to buffer group

arrangements at the end of every interval in Dy-WVAR policy. The number

of writes in STT-RAM buffers decreases due to decreased packet size. This re-

sults in dynamic energy-saving about 72% in comparison to STT-baseline policy,

respectively.

• SRAM-FRQSCL + ZENCO: The SRAM-FRQSCL (section 5.3.2) technique

uses SRAM based buffers and reduces or increases the frequency of the router

based on associated Procession element power off or on status. This policy

does not propose to use pure NVM/Hybrid buffer based design. Hence, we

combined only ZENCO techniques for the analysis using SRAM only buffers.

The reduction in the network flits observed similar to the ZENCO policy, which

results in packet latency improvement of 15.5% over SRAM-FRQSCL policy.

Note that we do not show lifetime improvement for this combination technique

since it uses SRAM based VCs and SRAM based VCs does not suffer from weak

write endurance.

• (ZENCO + Hy-NEIG-SEL-ON) / (ZENCO + Hy-CRIT-WRD): The

Hy-NEIG-SEL-ON and Hy-CRIT-WRD methods are used when a few nodes

(PE) are dark. Hence the network traffic is always less in comparison to all

nodes active and has a running application. However, combining compression

technique (ZENCO) further reduces the number of flits in the network, and the

number of flit writes in SRAM or STT-RAM VCs. The compression method

does not propose any VC allocation, and hence the number of packets assigned

to SRAM or STT-RAM VCs remains unchanged. This results in lifetime im-

provement of 2 times in Hy-NEIG-SEL-ON and 1.9 times in Hy-CRIT-WRD

policy. Lesser flit in the network leads to the packet latency saving of about

8−9% in both the policies over SRAM baseline design. The ZENCO compression
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policy reduces flits in the network, which results in a dynamic energy saving of

28− 31% over STT-baseline technique. Note that we compare the combination

policies with only hybrid methods Hy-NEIG-SEL-ON and Hy-CRIT-WRD.

• (Dy-WVAR + Hy-NEIG-SEL-ON) / (Dy-WVAR + Hy-CRIT-WRD):

The Hy-NEIG-SEL-ON (section 5.3.4) and Hy-CRIT-WRD (section 5.3.5) poli-

cies activate either a combination of SRAM and STT-RAM buffers or only

STT-RAM buffers based on the router’s associated PE status. In addition to

this Hy-CRIT-WRD method uses SRAM VC for critical words to improve per-

formance, irrespective of PE status. This results in lesser number of writes in

STT-RAM VCs in comparison to Hy-NEIG-SEL-ON method. On combining

Dy-WVAR policy, we found that the lifetime of NVM buffers in both the poli-

cies, Hy-NEIG-SEL-ON and Hy-CRIT-WRD, shows an improvement of 3 and

4.4 times due to the even distribution of writes across buffer groups. However,

this increases the packet latency due to the VNet to buffer group reorganisation

overhead of Dy-WVAR technique, which is 2.9 to 3.5 percent in comparison to

hybrid methods Hy-NEIG-SEL-ON and Hy-CRIT-WRD. Note that we compare

the combination policies with only hybrid methods. The energy consumption in

both the combination policies was found similar to the Hy-NEIG-SEL-ON and

Hy-CRIT-WRD techniques over SRAM design.

• (Dy-WVAR + ZENCO + Hy-NEIG-SEL-ON) / (Dy-WVAR + ZENCO

+ Hy-CRIT-WRD): In these combinations, we combined Dy-WVAR and

ZENCO compression with both the hybrid policies. The combination policies

show maximum improvement over baseline hybrid policy. The hybrid policies

VC allocation method uses WVAR at each VNet, and Dy-WVAR does wear-

levelling across VNets. In addition to this, ZENCO reduces the number of

flits in the network and hence the number of writes in NVM buffers. Also, the

combinations show 11−12% of reduction in latency with the combination of hy-

brid policy in comparison with Hy-NEIG-SEL-ON and Hy-CRIT-WRD design.

Similar to other hybrid methods with the combination of ZENCO compression,

about 26.3% of dynamic energy reduction is observed over STT-baseline design.
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• DidaSel + ZENCO: Here, we combine both the compression policies. The

combination was evaluated for hybrid buffer design since the VC allocation

policy proposed in DidaSel technique uses hybrid VCs. The DidaSel policy

sends only dirty flits to the next level cache during write-backs. These dirty

write-back flits are further compressed at the network interface using ZENCO

technique. This reduces the size of the packet significantly. Also, the load

data packets, which does not go through compression in DidaSel policy, have

a chance of getting reduced in size using ZENCO compression technique. This

reduces the total number of flits significantly over DidaSel and ZENCO policies.

The compression of packets reduces network flits and writes in STT buffers

which results in the lifetime improvement of 2 times in comparison to DidaSel

policy. The reduction in the number of flits results in maximum packet latency

improvement among all given combination policies in table 7.1. The combination

shows around 4% of packet latency decrease over SRAM based design. Due

to the significant reduction in flit count, the combination also shows 80% of

dynamic energy reduction when compared to STT-baseline policy.

7.2.1 Challenges in combining certain policies

The different policies proposed in the thesis uses different VC allocation methods,

where the combination of two or more are possible for a few without any modifi-

cation in the basic proposed architecture. For example, the ZENCO compression

technique is given for STT-RAM-based buffers, which can be used with only SRAM

or hybrid buffer designs without modification of the compression/decompression

logic. Whereas, in DidaSel policy, the design uses hybrid buffers at the input port

and the VC selection (STT or SRAM) is made based on the size of the packet.

This allows the combination of DidaSel with any other techniques that have only a

hybrid buffer design where SRAM and STT buffers are kept active throughout the

application execution. On the other hand, the hybrid techniques, Hy-NEIG-SEL-

ON and Hy-CRIT-WRD, activates SRAM VCs based on the status of associated

PE or critical word arrival. This restricts the combination of Hy-NEIG-SEL-ON
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and Hy-CRIT-WRD policy with DidaSel compression technique. However, a few

modifications in these policies may make a combination design possible.

The SRAM based policy, SRAM-FRQSCL, can be combined with Dy-WVAR pol-

icy as it only distributes writes evenly across VCs and VNets. However, the SRAM

buffer does not suffer from weak write endurance. Hence, the combination of these

two was not explored.

7.3 Scope for Future Work

The contributions of this thesis can be extended in several ways. Some of these

possible future research directions are listed below:

• Our proposed write reduction techniques reduce a significant amount of flits in

the on-chip network. However, the compression is done on fixed-size words. In

the future, the write reduction can further be explored at variable size words to

reduce flits in the network and reduce dynamic energy consumption by STT-

RAM buffers.

• Our policies mainly focus on NoC static power reduction by employing STT-

RAM as a router buffer. In the future, we can explore thermal awareness sprint-

ing for heterogeneous multi-core NoC in a dark silicon scenario where the routers

will get activated based on the temperature to save power consumption, main-

taining performance throughput. The idea can also be extended to 3D-NoC.

• Our proposed wear-levelling techniques reduces write-variation at the VC and

VNet level. However, the technique does not control/manages the traffic at

the router. In the future, buffer allocation with traffic control routing can be

introduced for 2D and 3D NoC.

• A conventional on-chip communication employed on CMPs are unable to handle

CPU and GPU communication efficiently. In the future, a machine learning-

based NoC can be proposed for heterogeneous manycore architectures for effi-

cient communication.
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• A power gating method may cause a performance penalty due to unknown traffic

patterns. In the future, a machine learning-based power gating method can be

proposed to optimise NoC component power gating to maximise power savings.
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Appendix A

Simulation Framework

This appendix centres around the exploratory arrangement utilised in our experi-

mental methodologies. The whole investigations given in this thesis are performed

on a full-system simulation framework. At a very basic level, the full system frame-

work tests the model of a system as a whole, including CMPs. The framework

on which the full-system executes is called host system and the virtual environ-

ment provided by the simulator for the system model is called as target system.

Also, the full-system framework structure builds the CMPs by including different

modules for the CPU cores, multi-level private and/or shared cache hierarchies,

memory controllers and I/O devices. These various small systems are all together

connected and communicated by the well known Network-on-Chip (NoC) module

that has been attached in the full system framework. The full system simulator

enables the system to execute applications independently through an Operation

System (OS) installed on the target system. Likewise, the target system permits

the kernel modules of the OS to run through the virtual drivers as normally as on

a real hardware system.

The simulators are the set of computer programs that run on a host system, and

any functionality needed for the target system can be easily modified to meet the

design requirement. For example, the conventional NoC buffer made up of SRAM

modelled on a full system framework can be changed to NVM buffers or hybrid

buffers. For the design space investigation in the target system, the preliminary

189

TH-2947_126101001



Appendix A. Simulation Framework 190

parameters like buffer size, VCs per VNet, VC depth, etc. can be easily altered.

The brief history of computer architecture simulators is discussed in the next

section with their importance in academic and industrial research.

A.1 Computer Architecture Simulators

The computer architecture simulators are a set of software programs that are used

to analyse the power and performance of any modelled computer design. The

target system can be either (a) full system that simulates the complete computing

system, or, (b) target microprocessor called instruction set simulator. There are

various simulation techniques among which discrete event simulation, and trace-

driven simulation/emulation are commonly used by the researchers [188]. As the

emulators are simulators with hardware design constraints, thus, we choose to use

discrete event and trace-driven simulators in our experimental analysis.

A.1.1 GEM-5

Gem5 [189] simulator is a combination of the features of GEMS [190] and M5 [191]

simulation tools. GEMS has an expanded adaptable memory system that supports

cache coherence protocols and a complete interconnection network. M5 gives the

assorted CPU models and numerous Instruction Set Architectures (ISA). This

subsection briefly discusses the features and the modules of M5 and GEMS along

with their limitations.

A.1.1.1 M5

The M5 is an open-source full system execution driven simulator which is an al-

ternative to the commercial Simics simulator. It creates a virtual machine or the

complete target system which runs on top of a host framework. M5 simulator is

an open-source and goes about as an option in contrast to the business Simics test
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system. The intention behind the development of M5 was to analyse the through-

put of the interconnect and network protocols by modelling client-server machines.

It models various CPU models such as in-order and out-of-order cores with the

capability of I/O, memory and OS development. Apart from this, M5 assists by

supporting different ISAs, such as ALPHA, ARM, MIPS, Power, SPARC, and X86.

M5 is fast enough to execute realistic benchmark suites, like SPECWEB99 [192],

Netperf [193], Surge, iSCSI, etc.

The architectural researches are aimed to model next-generation architectures to

support variable and changing computing system. In this dissertation, we propose

emerging NVM architectures that cope up with the increasing data demands. The

memory architecture without any physical overhead can be designed using the

full system M5 framework. Although the design and verification of such emerging

memories in M5 has constraints such as limited time and space, it is useful enough

for the commercial industry. The simulated framework provides the taste of the

whole system.

A.1.1.2 Restrictions in M5

M5 has powerful features; however, it lacks having flexible memory system sup-

porting multiple coherence protocols and on-chip interconnect needed to simulate

the CMP. In particular, M5 simulates only the point to point snooping based inter-

connect and caches which are not flexible and scalable for the CMPs. GEMS [190],

a timed simulator, is merged on top of M5 to model the complete memory hierarchy

with coherence management and on-chip communications using Network-on-Chip

(NoC).

Brief details on GEMS are provided in the next section. GEMS cannot work

alone without the M5; hence, the functional behaviour is disjoint with the timing

models.
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A.1.1.3 GEMS

GEMS [190] has two major modules: Ruby and Garnet [194]. Ruby module is

responsible for simulating the complete memory hierarchy of CMPs which incor-

porate L1 cache, L2 cache, memory banks, directories, etc. The components of

Ruby is called “machine” and a unique ID: MachineID, is used to identify it.

These machines communicate using their MachineIDs through underlying NoC,

managed by Garnet. The CMP architecture modelled using Ruby module uses

Garnet for on-chip communications. Garnet models the real-time events for trans-

ferring packets through the NoC. It also has various network topologies for NoC

with variety of design options.

The block fetch request from the M5 processor is passed to the Ruby modules

of GEMS. For the fetch request, the very first level of cache,i.e., L1 detects the

miss or hit. If the block is found in the first level, the M5 core continues its

execution. Otherwise, the block request from the generated core is stalled until

GEMS completes its simulation for the miss. The timing dependent functional

simulation is controlled and driven by Ruby.

In Ruby, there is a sequencer associated with each L1 which manages the request

from the corresponding core. In general, the CMPs have multiple levels of caches

that deals the cache requests simultaneously. A controller is attached with each

level of cache which manages the functionality of the cache by taking into con-

sideration the consistency and persistence of shared data. The modelling of such

controllers is done by SLICC (domain-specific language). The operations and com-

munications of the controller with other machines are managed by SLICC. There

are multiple coherence protocols implemented in GEMS. The coherence protocols

are governed by the different modules of controllers, and these controllers commu-

nicate through message passing which is supported by NoC. The protocol design

is the responsibility of SLICC since it is a combined duty of the controllers.
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A.1.1.4 CMP Architecture Supported by GEMS

GEMS supports robust SNUCA-based cache architecture which can be configured

with different parameters such as cache size, number of banks, hit time, miss

penalty, access latency, etc. The parameters are easily modified by making changes

in the configuration file. Other than these, additional parameters such as block-

size, the number of virtual networks, replacement policy, cache associativity, etc.

are set as design demands. In our experimentation, we use the MESI protocol for

baseline and the proposed techniques.

A.1.2 GARNET 2.0

With increasing core counts, the on-chip network becomes an integral part of future

chip multiprocessor (CMP) systems. The CMPs with hundreds of nodes require a

scalable and efficient on-chip communication fabric to work efficiently. To evaluate

such system, a detailed and accurate interconnection network model within a

full-system evaluation framework is required. To study the combined effect of

proposed architecture on the system and interconnection, we use GARNET 2.0

for full-system simulation.

GARNET provides system-level optimisation techniques to be evaluated with a

state-of-the-art interconnection network and obtain correct results. It also pro-

vides the evaluation of novel network proposals in a full-system design to find out

the exact connection of the technique on the entire system. It also enables to

implement the techniques which use interconnection along with other components

such as cache, memory controller, etc.

GARNET is a detailed interconnection network model inside GEM5. It has a

cycle-accurate micro-architecture of an on-chip network router. It provides a

packet-switched interconnection where network channels are shared over multi-

ple packet flows. Along with GEMS, GARNET provides a detailed and accurate

memory system timing model. It makes use of the Topology and Routing frame-

work provided by GEM5’s ruby model.
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GARNET models a classic five-stage pipelined router with virtual channel (VC)

flow control. It has several micro-architectural detailed components such as flit-

level input buffers, routing logic, allocators and the crossbar switch. A router can

have any number of input and output ports it needs where very VC at the port has

its own private buffer. A credit-based flow-control at every router is supported to

meet high bandwidth demands of cache-coherent CMPs. The routing is dimension

ordered.

There are various configurable elements of GARNET: i) network topology, ii)

interconnect bandwidth, iii) router parameters (such as input/output ports, etc.),

iv) routing algorithm, and v) network only simulation. The network topology is

configurable in GARNET. The topology of the interconnect is stated by a set of

links between the network routers. The GARNET provides point-to-point specific

links; hence irregular topologies can be evaluated. GARNET considers the flit size

as a phit (physical unit) size. For a different phit size, the on-chip link latencies

are modified to incorporate the delay a flit takes to traverse a link. The bandwidth

is configured through flit size. Each router in the GARNET has a routing table,

and the entries are done at the time of topology formation. The table has entries

for output ports and weights corresponding to each destination. To evaluate with

synthetic traffic types, GARNET provides several traffic patterns such as uniform

random, bit-complement, nearest neighbour, transpose, etc. Since the synthetic

traffic patterns are used for an estimate of the network performance, GARNET is

designed to run in network-only mode also.

GARNET outputs various statistics: total number of packets/flits injected into

the network, link utilisation (average and per-link), average load on a VC, average

network latency (inside the network as well as queuing at the interfaces), and

number of reads and write at every router. Also, various counters can be added

easily to the modules and statistics displayed.
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A.1.2.1 Result Analysis

As GEM5 is a full system simulator, it can run a real set of applications on the

simulated architecture. During the experiments, GEM5 logs the various statistics

of the running application(s). Some of the important information needed in this

dissertation are described below:

• Total Cycle Executed: The metric records the summation of all the cycles exe-

cuted for all cores. Besides this, GEM5 also collects the executed cycles (com-

prising of busy and idle cycles) for the individual core.

• Total Simulated Instruction: This collects each cores number of executed in-

structions as well as outputs the summation of total instructions executed.

• L1 Demand Access: GEM5 also records the demand accesses including demand

hit and miss for each L1 bank private to a core.

• L2 Demand Access: It records the individual demand hit and misses for each

shared L2 bank.

• Average Network Latency: It is the average time spent by packets in the net-

work.

• Average Packet Latency: This value represents the sum of average network

latency and average queuing latency.

• Buffer Reads: It is the value recorded per router. It represents the total number

of reads that happened in a router buffer.

• Buffer Writes: It is the value recorded per router. It represents the total number

of writes that happened in a router buffer.

• Crossbar Activity: It shows the number of switch traversal happened in a router.

Other than that, we have also added some of the additional metrics that are needed

to analyse the conducted simulations for the NVM and hybrid buffers:
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• VC Write: The metric outputs the value of the counter associated with a vir-

tual channel. It is used to calculate the lifetime improvement (as given in

Equations 2.1 and 2.2) by the proposed approaches.

• Buffer Write: This outputs the value of counter associated with a buffer group.

It is used to calculate the lifetime improvement (as given in Equations 2.3

and 2.4) by the proposed approaches.

Apart from these metrics, the other metrics like Cycle Per Instruction (CPI),

Instruction Per Cycle (IPC), Miss Per Thousand Kilo Instructions (MPKI), etc.

are easily derived or calculated from the given documented metrics provided by

GEM5.

A.1.3 NoC Power Modelling Tools: DSENT and Orion

With the ever-increasing demand for on-chip network bandwidth, the power effi-

ciency of the interconnection network has become more important for CMPs. We

have used two power modelling tools i) Orion2.0 [25] and ii) DSENT to investigate

power performance of proposed techniques in our thesis.

network
description

power
library

modules
semantics     events      timing

LSE

simulator instanceworkloads

power performance

Figure A.1: Design, modelling and simulation process under LSE.

Orion: Orion [195] is a network power-performance simulator which can be inte-

grated with application simulator or can run several workloads on the fabric and

analyse their impact on overall network power and performance. Orion uses LSE

(Liberty Simulation Environment) [196] as a basic simulation infrastructure. The
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physical hardware blocks are modelled as logical functional modules which com-

municate via ports. These ports are used for data transfer between the modules

via message passing. Each module has its own parameters and control functions,

for example, a buffer module has ports corresponding to read/write ports and

parameters such as buffer size and width.

An interconnection network is composed of messages generating, transporting and

consuming agents. For example, sources are message generators, routers and links

are transporters and sink consume the message. The selection of building blocks

(modules) of an interconnection network is guided by a hierarchical modelling

methodology [197]. The basic components are message sources and sinks, router

buffers, crossbars, arbiters and links. Conceptually the modules are divided into

two classes. The modules from the transporting class do not store or modify

message; whereas the processing class generates, stores or modifies the message

content.

Orion uses CACTI [198] to compute the actual Cg, Cd, and Cw values where Cg is

gate capacitance of transistor/gate, Cd is diffusion capacitance of transistor/gate

and Cw is capacitance of metal wire. The transistor sizes can be user-input pa-

rameters, or automatically determined by Orion with a set of default values from

CACTI [198] and applied with scaling factors from Wattch [199]. Driver transistor

size, e.g. crossbar input driver, is computed based on their load capacitance. The

power models, for crossbars and arbiters, are explained in detail in [39]. The Orion

power models are based on the detailed estimation of gate and wire capacitance

and switching activities rather than estimating power based on transistor count

and area. The models are constructed in a hierarchical fashion to maximise the

reuse of power models.

ORION was one of the first NoC power models released and widely used for power

estimation of NoCs. However, validation against recent NoC prototypes, Intel 80-

core Teraflops chip and the Intel Scalable Communications Core (SCC) chip, there

was a significant digression in power-performance that can lead to incorrect NoC

design choices. An extensive enhancement of the original ORION models, ORION
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2.0 [25], includes completely new subcomponent power models, area models, as well

as improved and updated technology models.

DSENT: DSENT (Design Space Exploration of Networks Tool) [170] is a unified

framework for photonics and electronics which enables cross-hierarchical area and

power evaluation of optoelectronic on-chip interconnects. The framework is for

electrical NoC components featuring integrated timing, area, and power models.

In particular, it focuses on the impact of network utilisation, technology scaling

and thermal tuning.

DSENT rely on a minimal set of technology parameters that encapsulate the major

characteristics of deep sub-100 nm technologies without the concern of transistor

modelling. DSENT supports 45 nm, 32 nm, 22 nm, 14 nm and 11 nm technology

nodes currently. Technology parameters are extracted using SPICE models for the

45 nm node. The models for 32 nm node and below are projected [200] using the

virtual source transport of [201] and the parasitic capacitance model of [202]. A

switch from planar (bulk/SOI) to tri-gate transistors is made for the 14 nm and

11 nm nodes.

Similar to Orion, DSENT can also be used standalone or can be integrated with

an architectural simulator [194, 203]. DSENT can also be used to generate traffic-

dependent power-traces and area estimations for the network [204].

DSENT also provides on-chip photonic network modelling, which consists of pho-

tonic devices along with electrical interface circuits. The detail can be found in

[170].

A.1.4 Timing and Power Modelling Tools: NVSim and

CACTI-STT

The GEM5 full system framework simulates a real set of applications by utilising

the underlying architecture. However, this framework does not model timing,

power, and area for different memory technologies at the cache or memory level.
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CACTI 6.0 [205] and NVSim [172] are two well known high-level modelling tools

in the computer architecture research community. The tools take some of the

architectural parameters like cache memory technology, cache size, cache associa-

tivity, cache level, block size, access technique (UCA or NUCA), etc. to simulate

the cache at device/circuit level. CACTI 6.0 models traditional as well as non-

uniform banked caches and memories using SRAM, and DRAM memory technolo-

gies. However, it does not support STT-MRAM technology. CACTI-STT [171]

extends CACTI to support in-plane STT-MRAM technology. Additional param-

eters are combined with existing analytic models and integrated with CACTI by

modelling bit-line, read circuitry, delay, area and energy consumption.

NVSim models different emerging NVM memory technologies such as STT-RAM,

ReRAM, PCRAM, and the NAND flash. NVM outputs the power consumption,

area overheads, cache access time, etc. by modelling the architecture at the device

level. Based upon the ITRS reports [206, 207, 34], the NVM and the SRAM

memory technology fabricated caches can belong to any three categories based

on the power and performance modes: i) HP: known as High Performance cell

which consumes large power and very fast in the access operation; ii) LSTP: Low

STandby Power cells, incurs low power when idle. However, their accessing is

slower than the HP as the transition from the low power standby-mode to active-

mode incurs extra cycles; iii) LOP: Low Operating Power cells which incur less

power both in standby as well as active mode. It is the slowest among the three

methods. Furthermore, CACTI-STT and NVSim support fast, sequential, and

normal types of cache access techniques. We have used fast-mode of accessing in

our work. The transistor length is an important parameter here, and it is also

known as the technology parameter in CACTI-STT and NVSim. We have used a

transistor with the channel length of 32nm and 45nm and the temperature of 350K

in our work. Note that the version of NVSim [172] and CACTI-STT [171] does not

support the impact of operating temperature and the write errors of STT-RAM.

The detailed parameters used for simulation are given in table A.1.

NVSim models dynamic energy and leakage power consumption as follows:

TH-2947_126101001



Appendix A. Simulation Framework 200

Parameters Value used
Technology 32 nm,45 nm
Access mode normal
Power/performance mode HP
Temperature 350K
STT-type in-plane
MTJ-area 1.8 e−10

Delta 16.12
Buffer size 1KB
Retention period 10ms

Table A.1: 1-KB SRAM and STT-RAM buffer configurations.

ENERGYdynamic = CV 2
DD (A.1)

POWERleakage = VDDIleak (A.2)

Delay = τ

√
(ln

1

2
)2 + αβ (A.3)

where α is the slope of the input, β = gmR is the normalised input trans-

conductance by the output resistance, and τ = RC is the RC time constant.

NVSim models both gate leakage and sub-threshold leakage currents in Ileak.

CACTI-STT models read and write energy per operation by evaluating the Equa-

tions A.4 and A.5. Here, Ctot depends on the total capacitance of the bitline, on

the all wire contributions and on the access transistor. Vread and Vwrite are the

read and write voltage respectively. RMTJ is the MTJ resistance, RACC is the

NMOS resistance, and τwrite is the MTJ switching time.

ENERGYread = CtotV
2
read (A.4)

ENERGYwrite =
V 2
read

RMTJRACC

τwrite + CtotV
2
write (A.5)

Rt = τ0e
∆ (A.6)
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A B C
STT-Type In-Plane In-Plane In-Plane
Jc0 [mA/cm2] (Critical current at zero temperature) 2 2 2
∆ (Thermal Stability) 40.29 40.29 40.29
MTJ Area [cm2] 2×10−10 2×10−10 2×10−10

Rp [kΩ] (MTJ resistance in parallel magnetization) 1.5 1.5 1.2
Rap [kΩ] (MTJ resistance in anti-parallel magnetization) 3 3 1.8
Vbitline [V ] (Write voltage) 1.8 1.3 1.8
Raccess [kΩ] (Equivalent resistance of the access transistor) 1.5 0.3 0.3

Table A.2: MTJ configurations.

The data retention time of an STT-MRAM bit-cell depends on thermal stability

(∆) of the MTJ. It is usually evaluated by Equation A.6.

In [171], the authors have generated high-performance and low-power cache mem-

ories for three different MTJ configurations and compared all with SRAM tech-

nology. The MTJ input parameters used are given in Table A.2 [171]. The high-

performance cache was generated for 8 way set-associative memory without any

error correction mechanism which ranges in size from 32 kB to 512 kB. It has been

observed that The configurations A and B have high write time compared with

SRAM. In configuration C, the parallel and anti-parallel resistances are reduced,

which results in write latency as SRAM. All three configurations show higher write

energy consumption than SRAM.

A.2 Benchmarks

As discussed in the previous sections, the full system simulator GEM5 runs real

benchmark applications on a designed architecture. The performance of the ar-

chitecture is evaluated based on the stats collected from these simulations. The

power-performance stats of the simulated architecture gives sufficient information

to the researcher and the hardware manufacturer about the real-world behaviour

about the design. There are several benchmark suites such as PARSEC [11], SPEC

CPU 2006 [12], SPLASH-2 [208], etc. to facilitate simulation on GEM5. In this

dissertation, we have used the multi-programmed SPEC CPU 2006 benchmark

and multi-threaded PARSEC benchmark suite to test our proposed architecture

design. The detailed description of these benchmark suites are given below:
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A.2.1 PARSEC

The Princeton Application Repository for Shared-Memory Computers, (PAR-

SEC) [11], benchmark suite is developed for next-generation CMPs’ evaluation

and validation. PARSEC is a collaborative project with Intel to develop bench-

mark applications which help the research community for efficient design of future

computing systems. The benchmark suite is available as open-source and is widely

accepted in the architecture research community. It is used in industrial as well

as academic research. Some of the key objectives of PARSEC are given below:

• Next-generation applications for various real-world problems.

• Distinguished input sizes for every application.

• Multi-threaded applications.

Earlier benchmarks were application-specific and executed in the serial manner [11].

PARSEC version 2.1 consists of 12 applications, and each application is multi-

threaded and parallelised. The PARSEC applications are selected from diverse

real-world areas such as computer vision, animation physics, finance, media pro-

cessing, etc. The table A.3 gives description of PARSEC benchmarks. In general,

multi-threaded application exchanges data between its spawned threads. The ta-

ble A.4 reports the data sharing and exchange description of these applications.

The term benchmarks are also alternatively called workload, application or

program.

In PARSEC, each benchmark has its own working set of input sizes: large, medium,

small, test, etc. Users can run workloads with any input set size based on their

architecture design and its requirement.
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Program/
Benchmarks

Application
Domain

Parallelization Working-
Set

Model Granularity

blackscholes Financial Analysis data-parallel coarse small
bodytrack Computer Vision data-parallel medium medium
canneal Engineering unstructured fine unbounded
dedup Enterprise Storage pipeline medium unbounded
facesim Animation data-parallel coarse large
ferret Similarity Search pipeline medium unbounded
fluidanimate Animation data-parallel fine large
freqmine Data Mining data-parallel medium unbounded
streamcluster Data Mining data-parallel medium medium
swaptions Financial Analysis data-parallel coarse medium
vips Media Processing data-parallel coarse medium
x264 Media Processing pipeline coarse medium

Table A.3: The inherent key characteristics of PARSEC benchmarks [11].

Program/
Benchmarks

Data Usage

Sharing Exchange

blackscholes, swaptions low low
bodytrack, freqmine high medium
canneal, dedup, ferret, x264 high high
facesim, fluidanimate, streamcluster, vips low medium

Table A.4: The data usage behavior of PARSEC benchmarks [11].

A.2.1.1 Benchmark Descriptions

This section illustrates the properties of a few PARSEC benchmarks that are used

to evaluate our proposed architecture designs. The details of the rest of the PAR-

SEC benchmarks are reported in [11].

Bodytrack: The Bodytrack application records the 3D view of the human body

through various cameras. The application uses an annealed practice filter to cap-

ture the 3D view using foreground and edge silhouette. The input video contains

many frames which are used to select as a reference frame. The likelihood value

is defined as a degree of the 3D body alignment with its foreground and its edges

in the image frame. It is computed with the reference frame, and the frames

are selected at different time-stamp. The value is calculated based on two at-

tributes the foreground and the edge distance map. In the thread pool, the main

thread assigns tasks to the other threads in the pool. Before proceeding further,

the main thread has to wait for the remaining threads to complete their execution.
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Fluidanimate: Fluidanimate is an Intel RMS application which is included in

the PARSEC benchmark suite due to the increase in the physical simulation and

real-time computer games animations. The application uses Smoothed Particle

Hydrodynamic method [209]. There are five kernels used for modelling the incom-

pressible fluids for interactive animation. The application produces output based

on interpreting and discovering the surface of thick fluid.

Freqmine: Freqmine is an Intel RMS application developed by Concordia Univer-

sity and included in PARSEC benchmark due to the increasing demand for data

mining techniques. The Freqmine application is used for array-based Frequent

Itemset MIning (FIMI) [210]. The application is parallelised with OpenMP and

uses three kernels.

Swaption: Swaption is also an Intel RMS workload that is used for pricing the

portfolio by using the Heath-Jarrow-Morton (HJM) [211] method. The Swaption

workload is added into the PARSEC benchmarks due to the increase in the value

of Partial Differential Equation (PDE) and the Monte Carlo Simulation. Swaption

stores all the portfolio in the swaption array and each entry of the array repre-

sents a derivative. The array is further divided into blocks equal to the number of

spawned threads. Each block is assigned to a thread to ensure parallelism. The

swaption application iterates through all the blocks and calls the module HJM

Swaption blocking to compute a price.

Canneal: Canneal minimises the routing cost of chip design by using cache-aware

Simulated Annealing (SA) technique. SA is a method used for large search space

optimisation. The application chooses two pairs of elements randomly and swaps

them. The algorithm discards only one element that effectively reduces the cache

capacity misses during each iteration. Canneal represents the engineering work-

loads for fine-grained parallelism and lock-free synchronisation in the PARSEC
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benchmark.

Dedup: The Dedup application compresses the data stream and communication

data for future generation network systems. It uses global and local compres-

sion, called deduplication compression, to achieve a better compression ratio. The

reason to include Dedup workload in the PARSEC is due to deduplication. The

deduplication is the mainstream method to calculate storage footprint for the next-

generation computing system.

Streamcluster: The Streamcluster application is used to solve the online cluster-

ing problem. The workload forms a different cluster of input point streams based

on input median value. Each input point is assigned to the nearest centre to form

a cluster. To measure the effectiveness of the clustering, it uses the sum of squared

distance metric. The motive behind including Streamcluster in PARSEC is the

increase in data mining algorithms and the predominant problem of streaming

characteristics.

X264: The X264 application is an H.264/AVC (Advanced Video Coding) video

encoder that adds new features in encoding. The key features are variable block-

size motion compensation (VBSMC) or context-adaptive binary arithmetic coding

(CBAC), high-resolution colour information, increased sample bit depth precision

etc. The application generates high-quality encoding output with a low bit rate

with increased encoding/decoding time. The application removes data redun-

dancy by using a motion compensation technique. It is a flexible application with

fulfilling demands of video conferencing, HD movie distribution etc.
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Workload
Programming

Language
Application

Domain
400.perlbench C Programming Language
401.bzip2 C Compression
403.gcc C C Compiler
429.mcf C Combinatorial Optimization
445.gobmk C Artificial Intelligence: Go
456.hmmer C Search Gene Sequence
458.sjeng C Artificial Intelligence: chess
462.libquantum C Physics / Quantum Computing
464.h264ref C Video Compression
471.omnetpp C++ Discrete Event Simulation
473.astar C++ Path-finding Algorithms
483.xalancbmk C++ XML Processing

Table A.5: The inherent key characteristics of CINT2006 benchmark suite [12]

A.2.2 SPEC CPU 2006

Standard Performance Evaluation Corporation (SPEC) CPU 2006 [12], is a CPU

intensive industry-standardised benchmark suite. The SPEC applications are de-

veloped to emphasise the performance of the compiler, the computer processor

(CPU) and the memory architecture. It includes two benchmark suites that con-

centrate on two different types of compute-intensive performance.

• CINT2006 benchmark suite: The CINT benchmark quantifies the compute-

intensive integer performances. The suite contains twelve different benchmarks.

The description of the workloads is given in table A.5.

• CFP2006 benchmark suite: The CFP benchmark quantify the compute-

intensive floating-point performances. The suite contains seventeen different

benchmark tests. The detailed description of the workloads is given in table A.6.

SPEC CPU 2006 measures compute-intensive performance of next-generation hard-

ware by using real-world applications. The workloads can quantify computer per-

formance in different ways, such as measuring the number of tasks completed by

the computer in a definite time or measuring the speed of the computer to complete

a single task.
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Workload
Programming

Language
Application

Domain
410.bwaves Fortran Fluid Dynamics
416.gamess Fortran Quantum Chemistry
433.milc C Physics/Quantum Chromodynamics
434.zeusmp Fortran Physics / CFD
435.gromacs C, Fortran Biochemistry / Molecular Dynamics
436.cactusADM C, Fortran Physics / General Relativity
437.leslie3d Fortran Fluid Dynamics
444.namd C++ Biology / Molecular Dynamics
447.dealII C++ Finite Element Analysis
450.soplex C++ Linear Programming, Optimization
453.povray C++ Image Ray-tracing
454.calculix C, Fortran Structural Mechanics
459.GemsFDTD Fortran Computational Electromagnetics
465.tonto Fortran Quantum Chemistry
470.lbm C Fluid Dynamics
481.wrf C, Fortran Weather
482.sphinx3 C Speech recognition

Table A.6: The inherent key characteristics of CFP2006 benchmark suite [12]

A.2.2.1 Benchmark Description

We characterise the properties of a few SPEC benchmarks that have been used

in our work for the evaluation of different CMP based architectures. The detailed

description of the rest of the benchmarks is reported in [12].

• CINT2006 benchmarks

1. 400.perlbench: The workload is a partial version of Perl v5.8.7. It in-

cludes the email indexers: SpamAssassin and MHonArc and the tool specd-

iff that checks the benchmark output.

2. 401.bzip2: The application is based on Julian Seward’s bzip2 version

1.0.3. All the compression and decompression process in this benchmark

is done entirely in memory, rather than I/O.

3. 403.gcc: The workload is based upon GCC ver 3.2. The workload runs

as a compiler with many optimisation flags enabled. It generates machine

code for the AMD Opteron processor.

4. 429.mcf: The benchmark is derived from MCF, a program used for vehicle

scheduling in public mass transportation. It exploits a simple network

algorithm to schedule public transport.

5. 445.gobmk: The program plays an artificial game: Go, a simple-looking

but deep complex inside.
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6. 456.hmmer: The workload is used in computational biology to search

DNA sequence pattern. The application uses statistical hidden Markov

model of multiple sequence alignment.

7. 458.sjeng: The workload is based on the program Sjeng ver. 11.2 that

plays chess and a variety of chess variants like losing chess and drop-chess.

8. 462.libquantum: The workload models a quantum computer that is

based on quantum mechanics and solves real hard tasks in polynomial

time. To facilitate this process, it uses Shor’s polynomial-time factorisa-

tion algorithm.

9. 464.h264ref: The workload is an implementation of H.264/AVC coding

technique that is expected to replace MPEG2.

10. 471.omnetpp: The workload models a vast ethernet network using dis-

crete event simulation.

11. 473.astar: The workload is derived from the well known 2D-path finding

libraries used in AI games. It models different variants of A* path-finding

algorithms based upon the requirement.

• CFP2006 benchmarks

1. 410.bwaves: The workload models the blast wave as a three dimensional

transonic transient laminar viscous flow.

2. 416.gamess: The workload models the different varieties of quantum

chemical computations. It performs the self-consistent field calculations

using Multi-Configuration Self-Consistent Field, Restricted Hartree Fock

method, and Restricted open-shell Hartree-Fock.

3. 433.milc: The workload models the four-dimensional SU(3) lattice gauge

theory using Von-Neumann MIMD parallel machines.

4. 434.zeusmp: The workload models the astrophysical phenomena. The

application resolves the problems in three spatial dimensions with a wide

variety of boundary constraints.
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5. 435.gromacs: It is used to perform molecular dynamics. It models the

Newtonian equations of motion for systems with hundreds to millions of

particles.

6. 436.cactusADM: The workload is a combination of Cactus, an open-

source problem-solving environment, and BenchADM, kernel representa-

tive of numerical relativity. The application solves the Einstein evolution

equation using leapfrog numerical method.

7. 437.leslie3d: The workload is based on LESlie3d (Large-Eddy Simula-

tions with Linear-Eddy Model in 3D). It solves the problem of Computa-

tional Fluid Dynamics (CFD) using MacCormack predictor-corrector time

integration scheme.

8. 444.namd: The workload models the large bio-molecular systems. It tests

the atoms of apolipoprotein A-I.

9. 447.dealII: The workload is based on dealII, a library targeted at adaptive

finite elements and error estimation. The application provides a solution

for the Helmholtz-type equation with non-constant coefficients.

10. 450.soplex: The application provides a solution for the linear program

using a simplex algorithm and sparse linear algebra.

11. 454.calculix: The workload is derived from CalculiX, finite element code

for linear and nonlinear three-dimensional structural application. The ap-

plication provides the solution for buckling, eigenmode analysis, etc.

12. 465.tonto: The workload is an open-source quantum chemistry package.

It performs the calculation of Hartree-Fock wave function to match exper-

imental X-ray diffraction data.

13. 470.lbm: The workload implements Lattice-Boltzmann Method to model

incompressible fluid in 3D.
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A.3 Simulation Procedure

In this dissertation, we have used several multi-threaded and multi-programmed

benchmarks for the simulation analysis of the proposed techniques.

A.3.1 Multi-threaded vs Multi-programmed Workloads

The PARSEC benchmarks are multi-threaded workload where the number of

threads in each program depends upon the input size and load of the program. The

number of threads is identified as a command-line argument in the majority of the

benchmarks. During the execution, the multi-threading occurs in a specific period

called Region Of Interest (ROI). In other words, the real PARSEC application

executes in ROI. The input scanning, variable initialisation etc. happens before

ROI. Once ROI executes, the workload generates output and then terminates.

Multiple SPEC CPU 2006 workloads are merged to build multi-programmed bench-

marks using M5 commands in the target system. The different processes execute

on the different cores until any one process completes the prespecified number of

instructions. In multi-programmed benchmarks, the phrase benchmark represents

the combined workload mix.

A.3.2 Benchmarks Used in Our Simulations

Different mixtures of the workloads can be made based on the multi-threaded and

multi-programmed workloads provided by PARSEC and SPEC CPU 2006. These

mixtures can be either of single PARSEC benchmark application with multiple

threads or a mix of different processes from the SPEC CPU 2006. In our work, we

have used a different combination of workloads for the proposed techniques. Each

chapter has specific workloads to the proposed techniques in the chapter. The

details of the benchmarks used in our simulation analysis are given in the Result

and Analysis section of Chapters 3, 4, 5 and 6.
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A.3.3 Benchmark Running Process

The PARSEC workloads are run on the target machine until the completion of

the workloads. Here, the running process has four stats dumped in the generated

stats file. These stats are (a) statistics for M5 full system booting process, (b)

statistic before reaching ROI that include the initialisation of benchmarks and the

spawning of the threads, (c) the statistics in the ROI and (d) the statistics from

the end of the ROI to the simulation exit. We focus on the third stat, ROI, which

represents the execution of the application.

To run the multi-programmed benchmarks, the very first step is to load all the

applications serially. To warm-up, each application is executed for one billion

instructions. The warm-up phase is necessary to go beyond the compulsory misses

in the cache. It allows the proposed architecture to settle properly in the simulator.

After warming-up, each workload is run for one million instructions to collect the

required stats needed to analyse the performance of the proposed design.

A.3.4 Comparing Different CMP Architectures

There are several performance parameters such as energy consumption, EDP, life-

time, write variation, IPC, implementation overhead, etc., to calculate the effec-

tiveness of the proposed CMP architecture with other existing architectures. All

our proposed and prior designs are implemented on GEM5 (full system simulator)

to facilitate a fair comparison of proposed techniques with the existing designs. We

execute various PARSEC and SPEC CPU 2006 application on top of the imple-

mented architectures in GEM5. Many varieties of statistics are recorded during

the execution of each workload, as reported in section A.1.2.1. The efficacy of

architectures is evaluated based on the generated stats.

In general, the architecture is engineered with different design configurations, such

as different cache sizes, various VC depths, different number of VCs per VNet etc.

As per need, the appropriate details are provided in the relevant chapters/sections.

The process of executing benchmarks is kept unchanged to maintain regularity
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for all the architectures with different configurations. We have illustrated each

workload result separately, and the geometric mean of all benchmarks are derived

in our result sections.

A.4 Hardware Synthesis of Zero Detection Logic

Xilinx ISE [5] [212] is a software tool from Xilinx for synthesis and analysis of HDL

(High Definition Language) designs. The Xilinx ISE is primarily used for circuit

synthesis and design. It is an integrated synthesis environment which primarily

targets development of embedded firmware for Xilinx FPGA and CPLD integrated

circuit (IC) product families. There several components of ISE such as Embedded

Development Kit (EDK), a Software Development Kit (SDK) and ChipScope Pro.

The major features of ISE are to synthesize/compile new designs, perform timing

analysis, examine RTL diagrams, simulate a design’s reaction to different stimuli,

and configure the target device with the programmer. The design flow of Xilinx

ISE includes compilation, execution (simulation), debugging, RTL implementa-

tion, synthesis report generation about design metrics, RTL verification and RTL

implementation packaging into supported IP formats.

Project Navigator is the primary user interface of ISE. This includes design hier-

archy, source code editor, an output console and process tree [212]. Design

hierarchy contains design modules which are displayed as a tree structure and

the dependencies of these modules are interpreted by ISE [212]. A design may

have one or more modules in hierarchy. The module also includes the configura-

tion of the design constraints and, pin configuration and mapping. The process

tree describes the operation performed by ISE on active module. The tree has

compliation functions, module dependency functions, etc. The issues related to

the current running operations are informed and reported as errors and warnings.

The system level test programs written in HDL languages, are simulated with

either ISIM or ModelSim logic simulator [213]. The test bench programs may
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contain simulated input signal waveforms or monitors which observe and verify

the outputs of the device under test. The simulators can perform different types

of simulations such as logical verification, behavioural verification and post-

place & route simulation. The logical verification ensures that the module

produces expected results; whereas, the behavioural verification verifies the logical

and timing issues. The post-plane verification is to verify the behaviour after

module is placed within the reconfigurable logic of the FPGA.

Figure A.2: Design flow diagram [5]

Xilinx synthesis algorithm is up to 30% fater than other competing programs which

allows bigger logic density with reduced project time and costs [214]. For the more

complex designs, such as complex memory blocks and I/O blocks of FPGA, more

complex synthesis algorithms are used which separate unrelated modules into slices
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and reduce post-placement errors. The FPGA synthesis flowchart is given in fig-

ure A.2. Xilinx and other third-party vendors offered IP Cores to implement

system-level functions such as digital signal processing (DSP), bus interfaces, net-

working protocols, image processing, embedded processors, and peripherals. Xilinx

has been used widely to implement ASIC-based design to FPGA-based designs.

ISE supports Xilinx’s 7-series (except of Spartan-7) and older devices including

CPLDs (XC9500 and CoolRunner) [215]. Xilinx Vivado supports newer version

of Xilinx devices. The operating supported by Xilinx are Windows, Red Hat

Enterprise 4, 5, & 6 Workstations (32 & 64 bits) and SUSE Linux Enterprise 11

(32 & 64 bits). Other GNU/Linux distributions can run Xilinx ISE WebPack with

some modifications or configurations [216].

A.4.1 Synthesis Report

In this section we present the synthesis report of Zero Detection Logic (ZDL)

generated by Xilinx ISE tool. The synthesis report includes the synthesis options

summary, HDL Parsing, HDL Elaboration, HDL Synthesis, Advanced HDL Syn-

thesis, Low Level Synthesis, Partition Report and Design Summary. The synthesis

options summary lists source and target parameters and general options.

A(31:0)

Y
ALEBDataA(31:0)

DataB(31:0)

G
gnd

XST_GND
Mcompar_Y1

Mcompar_Y1

Figure A.3: RTL schematic view of Zero Detection Logic.
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L1/L2/MC

Router

Uncompressed data

Compressed data

Figure A.4: Network interface controller compression schematic

A.4.1.1 Design Summary

Figure A.4 shows the network interface controller where the compressor and de-

compressor fit. Here, at the source NI, the data packet is compressed before

flitisization and injected into the network. On the other side, at the receiving NI,

the flits are decompressed before packetized and sent to protocol buffer. ZDL is

the main component of the compressor. The ZDL check for all words and outputs

1 if the word is a zero-word, 0 otherwise. The output of ZDL gets stored in isZe-

roVector which is used at the destination NI for the decompression of the packet.

Note that the compressor/ decompressor resides at the NI, and the compression

does not affect the router cycles.

The design summary reports the timing summary and device utilization summary

for the target device. The number and type of components that constitute the

required circuit’s datapath synthesis are 1 GND (Ground), 1 LUT2, 6 LUT5,

7 MUXCY (Multiplexer), and 1 VCC. Whereas the total number of Input and

Output buffers used in the synthesis circuit is 33, of which 32 are input buffers,

and 1 is output buffer. On the other hand, the timing delay of different essential

components is Input Buffer (1.328 ns), LUT5 (0.254 ns), one MUX (0.215 ns), five

MUXes (0.023 ns), and 1 MUX (0.235). Hence, the total delay required for the

execution is 3.942 ns. Out of which, 2.149 ns is spent on logic realization (73.8%),

and 1.793ns (26.2%) is spent on route realization. The timing summary gives the

time consumed fanout of each gate in the design. The compiled design of ZDL A.3
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uses 32-bit input and 1-bit output. The output is one if all the input bits are zero,

0 otherwise. The gate delay for the input buffer is 1.328ns, which is the maximum

among all components in the design.

A.5 Analytical modelling of latency degradation

of STT-RAM-based NoC

We use generalized analytical router model discussed in [217] as a base. In [217],

authors model a single router as a set of first-come-first-serve buffers connected

by a crossbar switch. Since a single packet gets allocated to a virtual channel,

the average size of a buffer for an input channel can be represented as the average

number of packets at the input buffers. This can also be used to calculate average

waiting time in buffers, which is given by [217] :

Wij =
Nij

λij
(A.7)

where Wij is average waiting time, Nij is average buffer utilization (in terms of

flits) and λij is packet arrival rate at the channel j buffer at router i.

The average packet latency at the router can be calculated using average waiting

time and average packet service time (T ) at the router. A delay at each router

contributes the packet latency from source to destination, which can be used to

compute average packet latency in the network. When a packet is sent from source

s to destination d, it traverses a set of routers and the corresponding input buffers

denoted by Πsd. The average latency for a packet from source s to destination d

is given by [217] :

Lsd = Ws +
∑

(i,j)∈Πsd

(Wij + T ) (A.8)
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where Ws is the queueing delay at the source, Wij is the average waiting time at

the channel j of router i, and T is the average service time.

With combination of equation A.8 and packet transmission rate (xsd) from node

s to node d, the overall average packet latency for a network is given by [217] :

L =

∑
∀s,d xsd × Lsd∑
∀s,d xsd

(A.9)

We use above formalisms to model the STTRAM based NoC router. There are

two router designs with STT-RAM and SRAM based buffers. As we have shown

in previous sections that the STT-RAM buffer takes more cycles to write in com-

parison to SRAM based buffers, and this impacts the average packet latency of

the network. LSTT and LSRAM represent the average packet latency in STT-RAM

and SRAM based router design, respectively. We denoted latency degradation by

∆, which can be written as:

LSTT = LSRAM + ∆ (A.10)

The slow STT adds delay to the packet transmission at each router, hence the

Lsd for a packet in STT and SRAM based design will have same relation as equa-

tion A.10, which can be written as:

LSTTsd = LSRAMsd + ∆sd (A.11)

We assume that the packet generation rate at the PE and the queueing latency

at the source is same in STT and SRAM design. The latency degradation ∆ will

only depend on the network latency of each packet. With this assumptionand

equation A.8, we can re-write equation A.11 as:

∑
(i,j)∈Πsd

(W STT
ij + T STT ) =

∑
(i,j)∈Πsd

(W SRAM
ij + T SRAM) + ∆sd (A.12)
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where W STT
ij and W SRAM

ij are the average waiting time in STT and SRAM design

respectively. T STT denotes the average service time in STT router and T SRAM is

the average service time in SRAM router.

From A.7 and A.12,

∑
(i,j)∈Πsd

(
NSTT
ij

λSTTij

+ T STT ) =
∑

(i,j)∈Πsd

(
NSRAM
ij

λSRAMij

+ T SRAM) + ∆sd (A.13)

Let us say, there are n routers on the path from s to d and the buffer utilization

is the same for each router.

NSTT
ij = NSTT ,∀ i ∈ Πsd (A.14)

NSRAM
ij = NSRAM ,∀ i ∈ Πsd (A.15)

In both designs, STT and SRAM, the traffic arrival rate (λij) at the source is

assumed to be same. However, the packet arrival rate of STT routers from s to d

will reduce due to the delayed service time at each hop. For the sake of simplicity

we assume that the packet arrival rate is same at intermediate routers from s to d

in a design (λSTTij = λSTTik = ... = λSTTid ). Now if we assume the packet arrival rate

reduces by α in STT design, we can write ,

λSTTij + α = λSRAMij = λ (A.16)

Using equation A.14, A.15 and A.16, we can write A.13 as:

n× T STT + n× NSTT

λ− α
= n× T SRAM + n× NSRAM

λ
+ ∆sd (A.17)

=⇒ ∆sd = n× (
NSTT

λ− α
− NSRAM

λ
) + n× (T STT − T SRAM) (A.18)
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If the buffer utilization for each design is same (i.e. NSTT = NSRAM = N), then

∆sd = n× [
αN

λ(λ− α)
+ (T STT − T SRAM)] (A.19)

If we extract the relation of α with λ and n, we get the following equations:

α =
C

n
(A.20)

where C is some constant.

α =
C1λ

2

C2λ+ C3

(A.21)

where C1, C2 and C3 are some constant.

From A.19, the packet transmission rate reduction in STT (α) is inversely propor-

tional to the number of routers between source s to destination d. In other words,

as the distance between the source and destination increases the value of α will

reduce with the hop count.

We have done an analysis for the proposed modelling using synthetic traffic pattern

on Garnet2.0 standalone simulation. The standalone analysis was done for 4 × 4

mesh network with XY routing and 3 stage pipeline router design. The simulation

was done for fixed source and destination pairs, hence ∆sd becomes ∆.

On our experimental analysis, with different inject rates and hop-counts, we have

observed the same behaviour of α (as above) which is tabulated in Table A.7. The

smaller value of hop count has a smaller value of α, which introduces a small delay

to packet arrival rate in STT routers and hence the latency difference of STT and

SRAM design is less. The higher injection rate increases the average waiting time

at each intermediate router. This results in an increased value of α and hence

more latency degradation in STT design.

From A.19 we see that the latency degradation (∆) is directly proportional to the

number of hops (n). The degradation, T STT − T SRAM , accumulates at each hop.

The difference between T STT and T SRAM is 1 cycle as STT takes 1 extra cycle to
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Hop Count (n) = 7 Injection Rate (λ) = 0.05
Inj. Rate (λ) 0.01 0.05 0.09 Hop Count (n) 3 5 7
Latency deg. 8 8.4 11.2 Latency deg. 4.3 6.38 8.4

α 0.00005 0.0017 0.014 α 0.00157 0.00166 0.0017

Table A.7: Relation of α with hop count and injection rate.

get serviced due to its slow writing speed. The first term of A.19 contributes to

the small increase in latency on account of the injection rate (λ) and hop count

(n). As observed from earlier analysis, the value of the first term depends on the

injection rate (λ) and hop-count (n). In particular, the value is more for higher

injection rate, and the value gradually reduces with increased hop-distance. For a

given SRAM router design, equation A.13 can be used to model STT-RAM router

with a fixed latency degradation.

In a case study, we kept injection rate fixed to 0.05 packets/cycle and changed

hop-counts. With hop-count 3 ∆ obtained using equation A.19 is 3 + ε and using

simulation it is 4.3. With hop-count 5 ∆ obtained using equation A.19 is 5 + ε

and using simulation it is 6.38. In the absence of ε, theory ∆ is almost close to

simulated ∆ value.
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