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ABSTRACT
Processor Allocator for Chip Multiprocessors
by
Dawid Maksymilian Zydek
Dr. Henry Selvaraj, Examination Committee Chair
Professor of Electrical and Computer Engineering
University of Nevada, Las Vegas

Chip MultiProcessor (CMP) architectures consistioff many cores connected
through Network-on-Chip (NoC) are becoming main pating platforms for research
and computer centers, and in the future for comialesolutions.

In order to effectively use CMPs, operating systsnman important factor and it
should support a multiuser environment in which yngarallel jobs are executed
simultaneously. It is done by the processor manageémsystem of the operating system,
which consists of two components: Job Schedulerdd8 Processor Allocator (PA). The
JS is responsible for job scheduling that deald wstlection of the next job to be
executed, while the task of the PA is processarcation that selects a set of processors
for the job selected by the JS.

In this thesis, the PA architecture for the NoCdatbk€MP is explored. The idea of the
PA hardware implementation and its integration o alie together with processing
elements of CMP is presented. Such an approachresgine PA to be fast as well as
area and energy efficient, because it is only dlstomnponent of the CMP.

The architecture of hardware version of a PA issenéed. The main factor of the

structure is a type of processor allocation algamitemployed inside. Thus, all important



allocation techniques are intensively investigeaad new schemes are proposed. All of
them are compared using experimentation system.

The PA driven by the described allocation technsgisesynthesized on FPGA and
crucial energy and area consumption together vatfopmance parameters are extracted.

The proposed CMP uses NoC as interconnection aothre. Therefore, all main
NoC structures are studied and tested. Most impbpgarameters such as topology, flow
control and routing algorithms are presented arstudised. For the proposed NoC
structures, an energy model is proposed and deskrib

Finally, the synthesized PAs and NoCs are evaluatedsimulation system, where
NoC-based CMP is created. The experimental enviesnintook into consideration
energy and traffic balance characteristics. Assaltethe most efficient PA and NoC for

CMP are presented.
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CHAPTER 1
INTRODUCTION

In the quest of faster computers, the Integrateduils (ICs) have come a long way
of development since their appearance in the 1&804. In 1965, Intel co-founder
Gordon Moore made a prediction known as “Moore’s/’Levhich stated that the number
of transistors that could fit in an IC was incregsexponentially, doubling every two
years [87]. This observation has continued to tiesgnt day, where silicon chips contain
thousands of millions of transistors in 45nm tedbgyp (e.g. Inte? Xeor® Processor).
International Technology Roadmap for Semiconductxgects, that by 2016 a single
chip will contain multi-billion transistors in 25nechnology with frequencies around
35GHz [55]. This increasing chip density allowsegration of more components onto a
single die, instead of using several chips to imm@et a given system. Such combination
of several components onto single chip is knowSystem-on-Chip (SoC).

The SoC design methodology gives the possibilityntegrate a complete system
with its peripherals, interfaces, storage and @sitg elements into a single package that
offers higher performance, lower energy consumptiad lower general system cost.
Moreover, the current high integration level acle\by following Moore’s Law allows
placing multiple processors on a single chip tarfgrarallel computing system that is
know as Chip MultiProcessor (CMP). The advantag€EMiPs is replacement of several
processors by single one with many cores, but gnemgsumption and needed space are
reduced while throughput is the same or even highlo CMPs ensure better fault
tolerance because a defect in one processor ddesmake the entire chip useless.

Examples of CMPs with small number of cores areSbay Emotion Engine [91], the



IBM Cell processor [93], dual-core or quad-coregassors by AMD [5] or Intel [54].
More cores can be found in Cell Broadband Enginghi#ecture (CBEA) [51] developed
by IBM, Sony and Toshiba (9 cores), TILE-Gx [10@&veloped by Tilera (100 cores) or
Intel Teraflop [110] designed by Intel (80 cores).

There are two types of CMP: homogeneous — whemadls on the die are the same,
and heterogeneous — where the cores differ in dtaracteristics, e.g. size of cache,
clock frequency, etc. In this work, the author adass homogenous CMP.

For systems with only few cores integrated on thip,¢he processor performance is
restricted mainly by the processing elements (goidesthis case, system optimization
focuses on processing elements — their internajuéecy, architecture, etc. As the
number of cores becomes larger, the system perfarenaegins to be affected by on-chip
interconnect — the bus structures widely used asgmt become a limiting factor for
performance, space and energy consumption [35], T9%& main factors influencing bus
constrains are bus arbitration bottleneck and baittimitation. The first factor means
that with increasing number of bus hosts the atitn delay will be increasing. In the
case of bandwidth limitation, bus structure is sdaby all components attached to the
bus in a time division manner. Therefore the badthwdecreases with the increasing
number of components. In 1999, in order to overcaime disadvantages of bus
structures, the idea of replacement of shared-medapproach with network based
architecture was proposed [10], [35], [56], [LIPHhe Network-on-Chip (NoC) concept is
based on ideas from computer networks, where eaipanent of a SoC is a node of the

on-chip network.



Beside the good on-chip interconnection system etffieient use of cores that are
available on a CMP is also an important factor ighhperformance multi-core
processors. On-chip processors can corporate athengselves in two ways. They may
be used to run separate jobs or they can servexdoute one application (parallel
processing). Problem of partitioning the job inksks that can be assigned to processors
is called task assignment [79]. The result of astignment process is a job that consists
of tasks that can be executed simultaneously, &cit éask on a separate core of CMP.
The decision, which job is assigned to which preoces is made by the processor
management system of the Operating System (OSghwdonsists of two components:
Job Scheduler (JS) and Processor Allocator (PAe T8 is responsible for job
scheduling that deals with selection of the nektt be executed, while the task of the
PA is processor allocation that selects a set ofgssors for the job selected by the JS
(Fig. 1-1).

The work presented in this thesis deals with thecgssor allocator for chip

multiprocessors using network on chip as the op-citerconnection system.

queue

Figure 1-1. Block scheme of processor managemeisy



1.1. Network on Chip Overview
At the beginning, Network-on-Chip (NoC) researcbused on combining ideas from
computer networks and parallel computing. HowevelChl and regular networks are
designed for different environments and such pararseas energy, power and area
consumption are unique to NoC. Also, on-chip neksa@re characterized by locality and
determinism, that differentiate them from tradiabnetworks [10]. Therefore, instead of
using 7-layer OSI reference model [123] known frammputer networks, 4-layer

approach was adopted by NoC research community [82]:

1. System Level: Covers applications and the netwarhitecture. At this level,
network details are hidden.

2. Network Adapter: Distinguishes the Processing El@n(leE) from the NoC and takes
care of end-to-end flow control (between source famal destination). At this level,
packets are formed based on messages originatingthe PEs.

3. Network: Consists of routers connected by chanm@sating the topology. Flow
control between routers (node-to-node) is defindtlia level.

4. Link Level: Faces the physical connections betweerters. In this level, packets are

broken into flow control units — flits.

In this work, the author covers problem placedewvels two and three of the above
model.

The main task of NoC is providing the communicatioinastructure for PEs. Fig. 1-2
shows two-dimensional mesh network (2D-mesh), whikhhe most popular NoC

architecture. PEs are developed separately aedshgtks and NoC is formed to connect
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Figure 1-2. An example of NoC architecture (7x7 i2Bsh topology).

the blocks as nodes in the network. The scalaldecanfigurable NoC can be adjusted to
the needs of different network traffic. A PE anduRw (R) are connected by direct link,
the width of which is the same as the width of mekwvchannels. Each router is
connected to four other neighboring routers (inFige 1-2 for 2D-mesh topology, edge
routers have 2 or 3 neighboring routers) througbuinand output channels and it is
responsible for routing messages between PEs. Anehaontains two one-directional
point-to-point buses and it connects two routenoater with a PE [56], [76].

While designing an efficient NoC, the required periance has to be compromised
to meet many design parameters, which unfortunaselyot so trivial. The main NoC

parameters are [34], [41]:



* The topology — determines the arrangement of n@desers) and channels. It relates
to the physical structure of the network,

* The routing — determines the path for a packet feorsource node (router) to a
destination. A route (or path) is an ordered seftludnnels between source and
destination nodes,

* Flow control — deals with the allocation of resas¢o packets along their route. The

most important resources in NoCs are the channelshee buffers.

All above mentioned criteria have a large impacthanfinal performance and cost of
the system. They are also not independent of etedr,ce.g. the choice of topology has
an impact on available routing algorithms.

Efficient NoC architectures for CMPs are preserdrd studied in Chapter 2 of this

work.

1.2. Processor Allocation Problem

CMPs consist of many parallel PEs with distributéfdchip memory. The PE node
consists of a processor and cache memory. Jobgedréa run on these systems are
parallel programs contain many tasks that commtmigath each other. Each of the
tasks runs on a separate PE (core), so the incgotirgpecifies number of PEs needed to
execute the job. The selection of the subset of lRggired for a given job is called
processor allocation problem [24], [101], [127] aihds done by Processor Allocator
(PA) [128].

Efficient processor allocation should be charazeatiby:



1. High utilization: Processor allocation must providaximal resource utilization. It is
done by minimizing any kind of fragmentation thaiaxmizes the use of all
processors.

2. Low Overhead: Allocation techniques must be fad deliver low overhead (all
allocation requests have to be processed at rugktim

3. Scalability: Algorithms must support systems witlodsands of nodes without any

bottleneck.

Beside a well designed PA, the system utilizatiaremeter in a CMP system can be
improved by a better job scheduling process. Jbleduling is done by Job Scheduler
(JS) that deals with the selection of the job teekecuted next. The natural FCFS (First
Come First Serve) scheduling policy has “blockingdture — larger job for which
allocation algorithm could not find enough PEs nb&yck smaller jobs in the queue, for
which sufficient PEs are available. That limitatioh FCFS policy was reason for
researching different, more efficient schedulingitetgies such as backfilling [88], gang
[43], lazy scheduling [86], scan [72] or other [1[A]9], [37], [70], [85], [119].

As it was mentioned earlier, in a CMP an incomiolg iis described by the number of
PEs required. The JS selects the next job fronsylséeem queue for execution using a
proper scheduling policy. For a job selected by sbkeduler, the PA tries to find the
required number of free PEs. If such a numbered fPEs are not available, then the JS
handles the job according to implemented policy.(#he scheduler waits until some PEs

are released or a smaller job is sent from the gteuhe PA) — Fig. 1-1. The jobs are



allocated in such a manner that at a given monaeRE processes a task of one job only,
and that if PEs are allocated, they process tastkeeqob until completion [127], [128].

In this work, the author focuses on a PA structimme CMPs and the processor
allocation algorithms. As job scheduling policye tRCFS strategy is assumed.

There are two major processor allocation strate@esitiguous and Non-contiguous
[9], [100], [101]. In the contiguous processor adtion, the PEs allocated to a job are
physically adjacent and have the same topologyNMk€E. In non-contiguous allocation
strategy, job can be executed on multiple disj@iks that allows dividing a job rather
than waiting until required number of adjacent RiEsomes available. But it can
generate global traffic, which we would like to aven NoC [34], [41], [128]. This is the
reason why the author has chosen to focus on ecmntgystrategy that is considered in

this work — Chapter 3.

1.3. Objective and Scope of Research

The work presented in this thesis deals with modektPs and issues related to
processor allocation problem for CMPs. The workui®s on the following topics:
1. Designing efficient NoC architecture for future hagenous CMPs.
2. Developing processor allocation algorithms for mbaked CMPs.
3. Designing processor allocation algorithms for telbased CMPs.
4. Examining the proposed allocation techniques bgtorg experimentation system.
5. Designing a CMP with a PA integrated on the samee di
6. Designing a PA and synthesizing it for an FPGA devi
7. Examining the proposed NoC-based CMPs with integr&A by creating simulation

environment.



1.4. Dissertation Overview

This chapter introduces a reader to the subjectsande of the thesign Chapter 2,
the review of all important NoC solutions is preseh Such aspects as network topology,
flow control and routing algorithm are explaineddaimvestigated. For the presented
problem, a suitable NoC architecture is chosen amdappropriate energy model is
proposed.

All important processor allocation techniques aesadibed in Chapter 3. They are
based on topologies chosen in the previous chapBesides reviewing existing
algorithms, new algorithms and improvements onetkisting ones are proposed. At the
end of this chapter, the presented schemes areateth@nd the best approaches are
shown.

In Chapter 4, the main idea of this thesis — irdgggn of the PA on the same chip as
CMP - is presented. The architecture of the prapake PA is described. The PA is
synthesized and synthesis results are presentediscuissed. Based on the results, an
energy estimation is performed.

The performance of the PA for NoC-based CMP isyaeal is Chapter 5. The most
suitable PAs and NoCs from previous chapters atieated and compared in CMP
simulation environment. Such aspects as energyarfdrmance of the PA and NoC are
investigated and analyzed.

Chapter 6 gives conclusions and possibilities dibure development.

1.5. Self-Citations

The following publications have contributed to thaterial presented in this work:



Hardware Implementation of Processor Allocation &oks for Mesh-Based Chip
Multiprocessors[126]: A hardware implementation of the PA for Ne@h mesh
topologies has been proposed. Allocation algoritfionamesh topologies have been
presented together with their synthesis results.

Fast and Efficient Processor Allocation Algorithnor f Torus-Based Chip
Multiprocessorqd125]: Processor allocation algorithms for torapdlogy have been
proposed. Algorithms are compared with their mesinterparts.

Memory Utilization of Processor Allocator for No@sged Chip Multiprocessors with
Mesh Topology128]: Aspects of the memory utilization of the BAsed on the mesh
topology are explored.

Processor Allocation Problem for NoC-based Chip tipubcessors[127]: The
conception of integration the PA on the same dieNa€-based CMP has been
presented.

Review of Packet Switching Technologies for Futbi@C [129]: Novel NoC
architectures have been reviewed and future doestof the NoC development have
been presented.

Algorithms and Experimentation System of Unicasyltighst and Broadcast
Transmission for Optical Switch¢$24]: The methodology of the building efficient
and realistic experimentation systems has beemipied and tested for algorithms for

optical switches.
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CHAPTER 2
NOC-BASED CHIP-MULTIPROCESSOR

CMP architectures with NoC are currently the modivamced multiprocessor
architectures. They differ from standard CMPs wétv cores on the same die, where
regular busses are used as interconnects [91], [ABJo they differ from older
multiprocessor systems, where PEs were placed ennoain board and they were
connected by buses (or network) on the board, ndhe chip [21], [81]. Inside the chip
as it takes place in the CMPs, interconnects andegssing elements are significantly
closer than in off-chip networks. It implies bettatency and bandwidth performance, but
such properties like power, area and cost reginstibecome crucial. Also, the
complexity of designing efficient and scalable dmpccommunication solutions will be
increasing together with the number of PEs integtabn a single die. To provide
scalability and effective use of resources avadlabl ULSI technology, a tiled

architecture is proposed [105] (Fig. 2-1). TiiessRre connected by a NoC that replaces
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Figure 2-1. Tiled CMP (6x5 2D-mesh topology).
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the traditional on-chip buses. The chip area igde into square tiles. Each tile contains
networking elements (router, PE network interfa#york channel) and PEs (processor,
cache memory, etc.). Each tile is connected to tavark Router (R) by PE network

interface. Communication among tiles is done bydsen messages over the network
using tiles’ network interfaces (routers). The Neé&ves as a global communication
infrastructure, which can be optimized. On-chip wwk supports parallel

communication, such that the required high bandwidt CMPs can be realized. As it
was mentioned earlier, the described architeciteomogenous — the PEs in every tile
are the same (the same structure, computation, rp@ie). Every single PE is able to

perform the required computation and return a téeul given set of input parameters.

2.1. Network Topology
Topology is one of the main properties that char@m NoC. It is also the first step
in designing a network due to dependency of rougilggprithm and flow control on the
topology. Topology describes the layout and stmgctf the node and links on the chip.
In this work, the author considers direct networkbgre every node in the network is
both a PE and router.

2.1.1. Definitions

Definition 2-1: A degree of a network node is the number of chancehnected to
the node. A network is degree regular, when allnbées in the network have the same
degree.

Definition 2-2: A path in the network is an ordered set of chanfeh, ch, ..., ch.

1}, such thatchOCh foriJ[0, n-1] anddes{ch.1) = sour(ch) fori[1, n-1], where:Ch —

12



set of channels in the networllgesf{ch) — is defined as the destination node of the
channekh, sour(ch) — is defined as the source node of the charimel

Definition 2-3: The length or hop count of a path is the numbahahnels traversed
by the path. A hop is the unit of network distances

Definition 2-4: A minimal path between two nodes is a path with smallest hop
count connecting these two nodes.

Definition 2-5: A diameter of a network is the largest, minimap lemunt over all
pairs of nodes in the network.

Definition 2-6: A cut of a networkCh(N1, Np), is a set of channels that partitions the
set of all nodes into two disjoint sel;, andN,. Each element d€h(N1, Ny) is a channel
with a source ifN; and destination ifl,, or vice versa.

Definition 2-7: A bisection of a network is a cut that partitiah® entire network
nearly in half, such thgiN,| < |Ni| <|Np| + 1, where|N,| — number of nodes in sib,
[N1| - number of nodes in shi.

Definition 2-8: The bisection bandwidth of a network is the minimbandwidth
over all bisections of the network.

Definition 2-9: The latency of the network is the time requiredalpacket to traverse
the network. Besides a topology, latency depensis ah routing, flow control and the
design of router.

Definition 2-10: The throughput of a network is the data rate aedd@ by the
network. A throughput is expressed in bits per sdcdopg. Similar to latency,

throughput depends on the topology, flow contra amplemented routing.
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2.1.2. Characteristic of desired network

The degree of a node decides the number of portsuter. Thus, a node’s degree has
impact on the complexity (power, energy and araasemption) of router. Smaller the
value of the degree, lesser the cost, while its dganeity leads to uniform routers. It
implies desire of small and fixed degree [34], [3B]L].

The diameter of a network characterizes the distdr@tween nodes, that has direct
impact on the latency of the network. Lower lategoxes shorter distances, that implies
a need for smaller network diameter [27], [34],][41

The topology has significant influence on flow amhtand routing algorithms. Simple
and regular topology reduces the complexity ofirgualgorithm [34], [41], [89].

An optimal topology is also characterized by itghpdiversity. Multiple minimal
paths among nodes reduce the impact of defectamufacturing process. Path diversity
also allows balancing the load across channelsnaakkes the network more tolerant to
faulty channels and nodes [34], [41], [50].

Whatever the topology, the network needs to be @it in a die. Due to poor
progress of “3D stacking” that is still under resda a 2D die is considered. This implies
that for networks with dimension higher than 2pdimgical adjacency does not lead to
spatial adjacency. Thus higher dimensional topel®diave negative impact on the wire
delay and the wiring density. These are possitdsares for the necessity of long wires.
However, implementation of long wires can affea thperating frequency and power
consumption. Furthermore, tiles can have more aklancrossing at least one of their

edges, that can force a channel width to be lessriquired by architecture [57].
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Besides on-chip embedding issues, low dimensioatlharks represent also better
performance in comparison to their higher dimersiocounterparts. At the same
bisection, the low dimensional topologies providerér latency and higher throughput.
Moreover, topologies of many dimensions requirearand longer wires [29].

2.1.3. 2D-meshkfary 2-mesh) topology

2D-mesh k-ary 2-mesh) topology [34], [41], [82] meets albperties described in
Section 2.1.2. It is also an obvious and naturalaghfor tiled architecture due to its close
match with the physical layout of the diek#ary 2-mesh consist d{=k? nodes arranged
in a 2-dimensional mesh witk nodes along the two dimensiorisrery node in the
middle of a mesh is connected to four neighborindes, while nodes on the edges of
mesh are connected to two or three neighborsnta&es a mesh network degree slightly
irregular (Fig. 2-2a). Nodes are addressed by R-daglix-k address §;, a}, where a;

and ap represent the node position in the first s@cbnd dimension respectively. The

ARARARANA

W W W WV
YRRV,

1 | 7 | 1]
Y

(a) 5-ary 2-mesh (b) 5-ary 2-cube

Figure 2-2. Mesh (a) and torus (b) networks.
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diameter of 2D-meshes isk2]) hops. The bisection isN2/ k that can offer wider
channels and higher channel bandwidth for a giveechion density.

2D-meshes are characterized by uniformly short sitkat allow high speed
operation without repeaters. Minimal paths betweedes from logical point of view are
also physically minimal, that allows exploiting &draffic. Path diversity is good as it
ensures better reliability and load balance.

One of the main drawbacks d¢¢ary 2-mesh is lack of the same available bandwidth
for every node — the bandwidth available to node®mers and edges is less while these
nodes have a higher average distance from othersnod

2.1.4. 2D-torusK-ary 2-cube) topology

2D-torus k-ary 2-cube) topology [33], [34], [41], similar tearlier described 2D-
mesh, fits very well to the characteristic desatibe Section 2.1.2. A 2D-torus is
achieved by enriching a 2D-mesh with additional ncteds that connect the external
nodes in each row and column (Fig. 2-2b). Simita2D-meshk-ary 2-cube has regular
physical arrangements that make its well suited dofchip layout. Ak-ary 2-cube
consists ofN=k? nodes arranged in a 2-dimensional torus Withodes along the two
dimensions. Every node is connected to four neighgonodes — a torus network is
degree regular. Wraparound channels added in 2i3désrdoubling their bisection td4
/ k and decreasing their diameterzjgklzj hops. They also provide edge-symmetry that
helps to improve load balance and reliability ofedwork.

Wraparound channels are reasons for the asymnwidonel lengths in a direct
physical mapping of the 2D-torus (Fig. 2-3a). Theparound channel has to be long

enough to span the length of &l nodes. A long wraparound link can incesas
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(a) 4-ary 2-cube (b) Folded 4-ary 2-cube

Figure 2-3. Folding toruses to avoid wraparouncholess.

propagation delay that brings negatively impactatancy. Also it can require repeaters
and decrease operating frequency of all links. tAlse problems can be avoided by
folding the torus as shown in Fig. 2-3b. The fotdkeeps the topology untouched but
eliminates the wraparound channels at the expehsleubling the length of the other

channels, however such a doubled channel possasseptable latency characteristic
and does not require repeaters.

2.1.5. Other network topologies

Besidesk-ary 2-mesh an#é-ary 2-cube, many different network topologies haeen
proposed for use in CMPs, such as: high dimensicaa) n-cube and-ary n-mesh [13],
[29], [34], [41], fat tree [8], [90], hierarchicaing [15], [49], cube connected cycles [58],
[95] and others [8], [34], [41], [64], [65], [98]However they do not meet all

requirements stated in Section 2.1.2.
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Higher dimensional meshes and toruses can be ootesdr by iteratively adding

dimensions (Fig. 2-4). They show higher bisectiod path diversity, however in case of

D
E = = - |
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(a) 3-ary 3-mesh (b) 3-ary 3-cube

Figure 2-4. A 3D-mesh (a) and 3D-torus (b) netwarith 3° nodes.

using them for CMP, they have drawbacks. Higherrelegf these networks causes
routers to be larger due to an increased numbbuféérs and complexity, thus area and
power budgets are increased. Moreover, higher-dsioaal meshes and toruses must be
mapped on 2D die, however topological adjacencys du fit spatial adjacency. It can
lead to longer wires and larger area requirements.

A tree topology creates the network in the formadfee. A tree consists of a single
root at the top level of the hierarchy, which isigected to nodes immediately below the
level of root. The simplest tree network is theaointree, where each node in the tree is

connected with two nodes in the level immediat@lpty the node — children (Fig. 2-5a).
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(a) A binary tree (b) A fat tree

Figure 2-5. Examples of tree networks: A binargtfe) and a fat tree(b).

A tree can be created recursively by connectindp emcle to several children nodes
until the desired depth is reached. Tree networkge ha smaller diameter, but their
bisection is only 1 — there is only one path avd@ebetween any pair of nodes. It leads
also to lack of path diversity and weak fault talese. Also the channels at the lowest
levels can become system bottlenecks — besides tfedm their level, they have to
serve also the higher levels. These problems caelibenated by designing fat tree
topologies, by creating “fatter” links on the lowdsvels of tree (Fig. 2-5b). While fat
trees overcome the tree performance problem, thegduce irregularity in the physical
design of the routers and do not improve signifilyatine fault tolerance.

In ring topologies each node is attached along#me path. The path has a shape of
a ring. The unidirectional ring is the simplestrfoof point-to-point interconnection. The
bidirectional ring is 1D-torus that is charactedzey its simplicity and low bisection
bandwidth (Fig. 2-6a). The simplicity of the ringduces the complexity at each node that

reduces buffer, area and energy requiremehtsniain drawbacks of the ring are high
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(a) A bidirectional ring (1D-torus) (b) A hierarchical ring of depth 3

Figure 2-6. Examples of ring networks: Bidirectibnag (a) and hierarchical ring (b).

average hop count for larger number of nodes arlddépath diversity. The ring is also
not fault tolerant. The structure contains localga connected by a central ring calls
hierarchical ring (Fig. 2-6b). The local rings daa treated as the children of the central
ring. Similar to trees, the depth of the networ&vgs logarithmically as a function of the
local rings and the total number of nodes. In camspa to the ring topology, hierarchical
rings can offer better fault isolation. If more mhane global ring per local ring is
implemented, we can get also higher bisection baitiwand some path diversity.
However, still the fault tolerance and path divisraare poor. Moreover, hierarchical
rings are susceptible to performance bottlenecks.

The n-dimensional Cube Connected Cycles (CCC) tapois derived from the 2-ary
n-mesh (or 2-ary-cube) with each node replaced by a ring of si¢Eig. 2-7). Thus, an

n-dimensional CCC ha®" nodes. The CCC has node degree for all routerd equa
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Figure 2-7. 3-dimensional cube connected cyclels 24t nodes.

good bisection bandwidth and acceptable latencgwbacks of the CCC are long wires
that consume large chip area, lack of the samevidtid for every node and lack of
scalability — adding nodes to the network requpkcing a node to each cycle in the

cube.

2.2. Flow Control

In a CMP, PEs exchange data in the form of messades size of messages may
differ, depending on the application and networthdecture. Messages are divided into
one or more packets. Packets are units of infoomabr network and they have a
restricted maximum length. A packet may be furttiended into flow control units —
flits. A flit is the smallest unit of informatiorecognized by the flow control. Finally, a
flit can be divided into one or more physical tf@nsunits — phits, which can be
transferred across a physical channel in a siriglekycle. Practically in many designs
flit is equivalent to phit [12], [102].
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Flow control describes allocation of NoC’s resosrg¢ehannel bandwidth, buffer
capacity and control state) for packets traverdimg network. Flow control policy
decides if packet should be dropped, blocked irteylduffered or rerouted. A well
designed flow control allocates these resourcexedily in order to get good bandwidth
and low latency. There are two approaches to flomtrol:

* Problem of resource allocation — resources haveetassigned to each packet that
traverses network (e.g. routing algorithm determimnehich resources are allocated to
packets),

» Problem of resolving contention — when an outgahgnnel is requested by packets
arriving on different inputs, flow control mechamishas to allocate this channel to

one packet and do something with others, e.g. bbockop.

The flow control can be classified as a bufferedafferless. Bufferless approach is
the simplest form of flow control that does not usméfers for storing packet in the
routers. As it takes place in circuit switching J1& physical path from source to
destination node is reserved before first packeerd. The time of setting up the path is
called setup time, similarly the time needed teasé the path is called tear-down time.
Circuit switching exhibits high throughput becauke bandwidth is guaranteed due to
the reserved resources, however the disadvantggeorsnetwork utilization during the
setup and tear-down times, when data is not tratesiiBuffered approach is more
complex, however it is more efficient form of flosontrol [34], [41], [62], thus the rest

of this paper contains only buffered techniquedféing can be done in units of packets
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(store-and-forward [28] and cut-through [62] floventrol) or flits (wormhole [89],
virtual-channel [30] or express-virtual-channel][#6w control).

2.2.1. Store-and-forward, cut-through and wormtilole control

Store-and-forward method sends packets towards thestination node without
establishing a path before, like it took placehe tircuit switching. Each packet flows
through network independently, possibly along défe paths — the paths are assigned
dynamically. Each packet must be stored in wholeaah node and then forwarded to a
selected adjacent node (hence the name store-andrft). Each router must provide
enough storage space to buffer at least one patketselection of next node on the path
is made by routing algorithm. Each packet needsatoy addressing bits (header) with
information regarding its destination. Since researare not allocated ahead, there is a
possibility that two or more packets would likeget access to the same resources at the
same time (contention). In such case, one packetdde granted the resource before
another packet. The delay caused by contentioevamd depends on the level of traffic
in the network. Network channels are also not alled to specific source-destination

path, thus each network channel is shareddyrpaths. In the Fig. 2-8a a time-space

A A

T 3] HIB[BIT T 3] H[B[B|T]

c 2] HIB[BIT c 2| [H[B[B[T

51t HIBIBIT £ 1] [H[s[B[T
o[H|BIB[T - olHB[BIT]
012345678 910111213141516 01234567

Cycle Cycle
(a) Store-and-forward (b) Cut-through and wormhole

Figure 2-8. Time-space diagram with 4-flit packentsover 4-hop path with no
congestion.
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diagram for a store-and-forward flow control is ggeted. The entire 4-flit packet is
forwarded over the 4-hop path without contentiolne Entire packet (all 4 flits: H — head
flit, B — two body flits and T — tail flit) is serdver one channel before it can proceed to
the next channel. The main drawback of store-amddaod flow control is its very high
latency — the packet has to be completely recemteshe node before it can begin moving
to the next node, that causes serialization latency

The latency penalty of store-and-forward methoe@lisiinated in cut-through flow
control. A packet is forwarded as soon as the lfigad received without waiting for the
entire packet to be acquired (Fig. 2-8b). Similalike it is in store-and-forward
technique, cut-through reserves buffer space ihafrpackets, so that in case of blocking
the whole packet has to be buffered.

By allocating buffers in unit of packets, cut-thgbuand store-and-forward make very
inefficient use of buffer space. The buffer hastolarge enough to store at least one
packet and the size of the packets is limited leystiorage space. We can get much more
effective use of storage by allocating buffers mts of flits — and this is an idea of
wormhole flow control. The packet is forwarded asrs as its head flit is received (like
cut-through — Fig. 2-8b), but buffer space is aled only for several flits instead of for
the entire packet. The head flit governs the roate along its advance along the
specified route, the remaining flits follow in appline fashion. If the head flit meets a
busy channel, it is blocked until the channel beesm@vailable. Rather than buffering the
remaining flits (whole packet) by removing themnfrdhe network (like it is in cut-
through), the wormhole flow control can buffer omgirt of the packet (few flits). The

remaining flits are blocked and they are kept i@ buffers over multiple routers along
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the path. In this way one input channel of all ied routers is occupied, that in overall
bill gives multiple occupied channels along thehpdthe channel is released when the
last (tail) flit has been transmitted through thamnel. The advantage of wormhole flow
control is that large packet buffers at each nadeediminated by a small flit buffers.
This saving of area is crucial for the NoC impletagion, because buffers in routers are
the major area consumers [129]. Furthermore, tlokgtdength in wormhole does not
depend on the buffer size. Also in the absencenfention, wormhole technique makes
network latency insensitive to path length. Howeirercase of contention, saturation
throughput is lower in comparison to cut-through.

2.2.2. Virtual-channel flow control

Virtual-channel flow control eliminates the drawkasf lower saturation throughput
in wormhole technique, while preserving its advgetasuch as small required buffer
space and the packet length independence on tlier lsite. Virtual-channel method
creates logically separate channels that sharsahee physical channel. It leads to the
possibility of existing flits of many packets inetithannel. Practically, Virtual Channels
(VCs) are flit buffers associated with a single gibgl channel. By introducing VCs,
packets are forwarded in the network over them taat separates allocation of buffers
from allocation of channels. A blocked packet bokly the VC of a physical channel,
but the other VCs can still use the physical charhes illustrated in the Fig. 2-9, where
virtual-channel flow is compared with wormhole fl@ontrol. Flits of the packd are in
buffer in the nodes 1 and 2, and they are stu¢lue to contention) node 2. In Fig. 2-9a,
where flow control is directed by wormhole techragthe packef that is sent to node 3

is blocked behind pack& In the same situation but for virtual-channelWfloontrol
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Figure 2-9. Comparison of virtual-channel with wiate flow control.

(Fig. 2-9b), the packek can pass pack& and proceed to node 3. The physical channel
is blocked only when all its VCs are blocked, hoareprobability of such a situation is
lower than the probability of blocking in wormhdkechnique. In this way, utilization of
physical channels and network throughput is higher.

The benefits of the virtual-channel technique resal area, power and latency
overhead due to the cost of a more complicatedraloand buffer implementation. The
virtual-channel has to allocate a VC and then masthannel for the VC, while the
previous flow controls allocate only physical chalsnfor packets. It leads to an
additional stage of arbitration and allocation e trouters. However beside improved
performance, VCs deliver the other advantages, asch
» Avoiding deadlocks by adding VCs to links and chngsouting schemes properly,

so that cycles in the resource dependency graphbeanroken [32] (this issue is

discussed also in the Section 2.3 of this work),
* Optimizing wire utilization by sharing physical ¢ireels by many logical channels

[102],

26



* Providing quality-of-service by allowing high prityr packets move before those of

lower priority or by providing required service &hon dedicated VCs [44].

A virtual-channel router realization is pipelinedn-the router a packet has to pass
through several pipeline stages till resourcesaliogated to it. The way of implementing
VCs requires careful analysis. In high traffic eatender uniform traffic, increasing
number of virtual channels per physical channelregs®e performance, but e.g. in case of
hotspot traffic, assigning deeper buffers to lessmer of virtual channels gives better
results [99].

2.2.3. Express-virtual-channel flow control

To overcome some of the earlier mentioned limitaicof the virtual-channel
technique, novel, express-virtual-channel flow colntvas introduced. The key idea of
express-virtual-channel technique is to providdueir express lanes in the network,
which allow bypassing intermediate routers by skigghe router pipeline. It is realized
by introducing express buffers that define Expré&8dual Channels (EVCs). By
implementing EVCs, packets can be virtually bypdgbeough intermediate nodes. The
virtual bypassing in a router forwards EVC flitssamon as they reach the router without
any buffering and arbitration, that significantBduces packet latency and router energy
consumption.

The express-virtual-channel flow control considtswm kinds of virtual channels at
each port of a router: 1-hop Normal Virtual Chelsn(NVCs) that are the regular virtual
channels and-hop EVCs that carry flitk-hops at a time. The head flit is allowed to

choose either a NVC or an EVC depending on thairlahility and path of the flit. When
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transmission is over lehop EVC, the flit is allowed to bypass the roupgreline at the

next intermediat&-1 nodes. In the Fig. 2-10, 2-hop EVCs in 5-ary @&mtopology are

— Source and destination nc === — Express virtual chanr
— Intermediat node —— —Physical chann
o "ve, o "ve,
* * * * *
N N N N N
r e 1 '.'~. e 1 '.'~i.

-

*
-

.

.
.
*

we " .
. ., -

-
.

L ans
*

l..~
l..~

*
Ll
n
[

l..~

. ol
. o, DY

.
.

-
*

.

-
-

’.- ’-
L Il
** Yo
f

(b) 5-ary 2-mesh with express

(a) 5-ary 2-mesh virtual channels

Figure 2-10 Transmission in regular structure (a) and incite with express virtu
channels (b).

shown and compared with NVCs solution. In the rag(NVCs) case (Fig. 2-10a) seven
nodes are fully involved in transmission, while structure with EVCs (Fig. 2-10b)

number of fully involved nodes is reduced to fiier(two nodes router pipeline is
bypassed). EVCs are designed statistically at eagter and they are prioritized over
normal virtual channels. Beside lower latency (a@B4%) and better throughput (up to

23%), EVCs reduce router switching activity (paclkeigoing through less number of
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routers), limit number of buffers, and reduce catiten that makes this solution energy
(up to 38%) and area efficient [71].
The analysis presented in the Chapter 2.2 ledutte®ato choose virtual-channel and

its express channel extension as flow controllergresented work.

2.3. Routing

Routing is the procedure of selecting a path frosoarce node to a destination node
in a particular topology. Besides topology and floantrol, a routing algorithm is also an
important factor in performance of the NoC. A gaodting algorithm balances the load
in the network channels, routes paths as fast asilje and is still able to work in the
presence of faults. It should also be easily imgleted in the hardware.

Routing can be classified in several ways. Baseglace where the routing decision
is made, we can distinguish between source andibdisdd routing [41]. In source
routing, the entire path is selected before th&gtais sent. The routing information must
be carried by each packet that increases the patket Moreover, the chosen path
cannot be changed after the packet has left thecsowecond class of routing —
distributed routing — is mostly used by direct natks. In this approach, routing decision
for the packet is made in each router. Routersdeeuerhether the packet should be
delivered to the local PE or forwarded to a neighigprouter. In order to reduce the
network latency, a routing decision has to be nesdguick as possible.

Routing can also be classified as [34]:

» Deterministic — always chooses the same path betag®ir of nodes, even if there

are multiple paths,
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* Oblivious — routes packets without considering ttegwork’s state (deterministic
algorithms are a subset of oblivious),
* Adaptive — uses information about the network’sesta.g. channel load information,

length of queues for resources, etc.) to makemgutecisions.

If the path selected by a routing algorithm is shertest path between the source and
destination, the algorithm is said to be minimading a minimal routing algorithm, every
traversed channel brings the packet closer to #stirchtion. In a non-minimal routing,
the chosen path can be longer, that allows reaticgrrent network condition.

An important property of routing algorithms is fdmen from deadlocks and livelocks.
Deadlock occurs, when packets are waiting for edlor in the cycle. Livelock is caused
by packet, which proceeds through network indedlgitand never arrives at its
destination.

2.3.1. Deadlocks and livelocks

Deadlock [94] is a scenario, where packet delivergostponed indefinitely, thus a
set of packets can be blocked forever in the nédwibrcan happen when packets are
allowed to hold some resources (usually bufferslannels) while requesting others.
Such a situation is presented in Fig. 2-11a, whbkamnel deadlock involving four routers
and four packets. Each packet (arrow) traversesramer straight and enters a second
router, where it wants to turn left. In order to kmaa turn, each packet has to wait
(dashed arrow) for the requested channel to bectre® However the requested
channels will become free only when some of thekgi@cadvance and release their

channels, that will never occur. Thus, tloerfpackets are deadlocked and will never

30



[ =

ch4
a
A== O ritoutter
.:£ |:| |:| Input selectior
circuit @
ch 1[] D ch3
Packet progression
|
)T ] s @ @
I “Anl— ‘ acket awaiting
™ D g D resource
ch2 [,:I
(a) Circular resource dependency (b) Resource dependency graph

Figure 2-11. An example of channel deadlock invadviour packets.

make progress. In order to analyze deadlocks, resalependency graph was proposed
[32]. The channel dependence graph for a direatvarét and routing algorithm is a
directed graph, where nodes represent resourcesedgds correspond to resource
dependencies. For the situation presented in Fig.a2 the resource dependency graph is
shown in Fig. 2-11b. In that example, nodes arditettional channels (ch 1 to ch 4) and
their output edges direct to the resources reqdéstehe current resource owner, in our
example the resource owners are packets. If a @opears in channel dependency
graph, then we deal with deadlock situation.

Two approaches are used in NoC to eliminate deksllocrouting algorithms (they
are discussed later in the Sections 2.3.2 and)2.3.3
» Deadlock avoidance — design routing algorithmsuahsa way, that deadlocks will

never occur,
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» Deadlock recovery — deadlocks are allowed, but mesims how to recover from

them are designed.

In contrast to deadlock, livelock does not stopaekpt, but rather stops its progress
toward destination. Livelock occurs when the rogitof a packet never leads the packet
to its destination. Livelock is possible only fatagtive and non-minimal routing. If there
is no limit of the maximum number of times a packah choose non-minimal path, the
packet can remain in the network indefinitely. Gapproach to livelock avoiding is to
implement in the packet a field indicating its pregs. It can be the number of times a
packet has been routed through non-minimal pattceQhe specified value of non-
minimal progress reaches a threshold (often catiessioute value), only a minimal path
can be chosen. Another approach to livelock avaeas age-based priority filed in the
packet. When a conflict between packets occurgcieat with higher priority (older) is
privileged [34].

2.3.2. Deadlock avoidance routing

In order to avoid a deadlock, cycles in the reseuldependency graph must be
eliminated. One approach to eliminating cycles ysftrcing a partial order of the
resources and then ensuring that a packet is &ddcasources in ascending order [32],
[78], [83]. In this way, a cycle can not occur, Aese any cycle must contain at least one
higher-ordered resource holder waiting for a lowetered resource, but by the ordered
allocation it is not allowed. Deadlock avoidancerbgource ordering for virtual-channel
flow control was proposed in [32]. Cycles are bmoksy ordering each physical channel

along a cycle into a group of virtual chalsn Each group of VCs shares a physical
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Node 1

Node 3

Figure 2-12. Deadlock avoidance by resource orderin

channel. It is shown in Fig. 2.12. In each node\k&=s are duplicated and divided into
two classes: A and B. A new packet is injectechtortetwork (Node 1) and is assigned to
the VCs of class A. When the packet crosses thdelbdretween Node 4 and Node 1, it
can use VCs only from class B and cyclic depend@snioetween resources are avoided.
The concept of ordering VCs allowed the author8#j to offer deterministic, deadlock-
free Dimension Order Routing (DOR) algorithm whereube [104] algorithm was
extended. In the DOR, each packet is routed indomension till its arrival at the proper
coordinate in that dimension. Afterwards, the pagkeceeds to the next dimension, etc.
By enforcing order on the dimensions traverseddlbe&-free routing is guaranteed. E.qg.
for k-ary 2-mesh, each node has addresg)(in the mesh. The DOR sends packets first
along the dimensioK (orY) and then along the¥ (or X) dimension.

The DOR sends every packet from source to destima@ver exactly the same path.

A path diversity offered by topology is ignorednfiarly, load balancing and reliability
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is very weak. These issues were addressed in [W@@re oblivious Valiant’s algorithm
was proposed. In Valiant scheme, a packet sent &@wurce to a destination is first sent
from the source to a randomly chosen intermediatierand then from that node to the
destination. It reduces the load of any traffictgat. However the good performance
given by randomization provides decreased localgtter load balance can be also
achieved by randomizing the order of dimensions/iich packet is traversed [34]. At
each node either for DOR or Valiant routinggirst or y-first direction is randomly
chosen. Such enhanced algorithms will be nametignwork as DOR Load Balanced
(DOR-LB) and Valiant Load Balanced (Valiant-LB). [RLB provides minimal, load
balanced oblivious routing and preserves localBnth algorithms, of course are
recommended to be implemented with VCs in ordeerisure deadlock freedom and
better channel utilization.

Adding a VC to a physical channel is less expengian adding a new physical
channel, however it is not free. It involves addmdfer space and control logic and also
reduces bandwidth of the VCs, because they alrshdye the physical channel. An
advantage of adding VCs is that they can suppatlfhiadaptive routing algorithms.
That concept is used in [78], where a minimal aigapthe linder-harden algorithm is
presented. The idea of virtual interconnection weks that provide adaptability,
deadlock freedom and fault tolerance is introdudgath physical channel is shared by
many VCs, whose number depends on how many vine@orks are needed. The VCs
can be divided into several groups or virtual nek®oWhen the packet is blocked in a
virtual network, it can be forwarded using anothetual network. If minimal routing is

not required, deadlock freedom adaptive routing lmamprovided using fewer additional
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VCs. Such a solution is proposed in [31], where,tatatic and dynamic non-minimal
routing algorithms were presented. Both technicplesy the packets to take a longer
path if the shortest path is not available. A dvsadage of the resource ordering is
increased number of network resources by the imgheation of resource classes and
providing proper ordering. Furthermore, an imbaéant using divided resources can be
observed.

Another way to avoid cycles is restrictions of fogtalgorithm. A general framework
for restricting routing algorithms iR-ary n-meshes and-ary n-cubes networks is the
turn model [47], which provides a systematic apphoto the development of adaptive,
minimal and non-minimal routing algorithms, withcadding VCs. A cycle in channel
dependency graph occurs because the packet rarigsrcturns that form the cycle. To

design adaptive routing algorithms feary n-meshes ank-ary n-cubes, we have to:

Partition the channels according to the directiowhich they route packets,

* Identify the possible turns from one direction twther, ignoring 0-degree and 180
degree turns,

* Recognize the simple cycles these turns can generat

» Prohibit one turn in each cycle to prevent deadlock

* For k-ary n-cubes, include as many turns as possible fromteofsevraparound

channels,

e Add O-degree and 180-degree turns that are neededndn-minimal routing

algorithms, without reintroducing cycles.
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Figure 2-13. The turn model for k-ary 2-mesh networ

Fig. 2-13a shows eight possible turns in a 2D-nmestivork and two simple cycles
that can be created by combining these turns. Aantbe seen, in order to avoid a cycle,
at least one turn of each of these two cycles rhestliminated. Together with the turn
model, authors in [47] have proposed three deadimek routing algorithms constructed
by elimination of a turn (Fig. 2-13b, ¢ and d). Wiltee south-to-west turn is eliminated,
the west-first algorithm is created (Fig. 2-13b)packet must take all of its west hops
before moving to any other direction. After turniingm the west, it can turn in any other
direction except west. By removing north-to-eash tathe north-last scheme is generated
(Fig. 2-13c). In this technique, a packet can ewarywhere except north. Once a packet
turns north it must follow only the north directidn the negative-first routing algorithm
(Fig. 2-13d), the east-to-south turn is excludadstFa packet must proceed completely

in the negative directions (south and west). Afeadg, it changes to the positive
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directions (north and east) and stays there untgaches its destination. The proposed
algorithms are deadlock-free, livelock-free, minimanon-minimal.
The earlier mentioned the DOR routing can also desicered as an example of the

turn model (Fig. 2-14). The vertical-to-honzal turn is eliminated and the DOR is

Vo N
Pt

Figure 2-14. The Dimension Order Routim®JR) as restricted version of the tt
model.

generated. A packet is first routed completelyhex direction, before moving to the
direction. After turning from the, it can traverse only thg dimension. While the turn
model eliminates only one turn in a simple cyclse DOR excludes two turns, that
makes its more restrictive than the turn model.

The turn model and DOR restrict the turns that cedtlne path diversity. In case of
the DOR, the path diversity is reduced to zero. &doer, in case of the turn model, the
employed limitations do not allow routing messaglesig any of the shortest paths in the
network and algorithms based on that model areigligrtadaptive (DOR is
deterministic). Better partial adaptiveness iswekd by odd-even turn model [23], that
is evaluation of the turn model. Instead of prdimig turns, the odd-even turn scheme is
based on restricting the locations, where certainst can be taken so that a circular wait

can never occur. Based on that model, the ROUTH&nigalgorithm was proposed.
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Very popular approach to create routing algorithertsybrid solution, which combine
splitting network resources (VCs) with restrictinbe paths for packet. Actually,
designing of deadlock-free, fully adaptive routgorithms without virtual channels or
redundant physical channels is not possible [24hon-minimal planar adaptive routing
algorithm [22] restricts the routing freedom to twionensions at a time and requires
three VCs per physical channel. Similarly, authofsthe turn model designed fully
adaptive non-minimal routing algorithms double-ydanad-y [46] by adding an extra
VC. Hybrid method is also used to create fully dd@pminimal routing techniques.
Such algorithms are e.g. PFNF [108], algorithm pemal by Duato [40], 3P [103] or
mesh_route [14] and they require only two VCs gdeysical channel to ensure deadlock
freedom.

2.3.3. Deadlock recovery routing

Deadlock recovery routing is a totally differentpapach to dealing with deadlock. It
is based on the assumption that deadlocks are ajgnerfrequent [68]. So, instead of
avoiding deadlocks, we can also let them appearecaler from them. Such a solution
is interesting when we can not afford additionadoreces or lower the performance
associated with deadlock avoidance. Deadlock regoabgorithms contain two major
phases: detection and recovery. In the detectiasgha deadlock situation has to be
recognized. The detection is usually realized ugimggout counters that are placed in
each network resource. The counters are reset détans sent through resource (lack of
deadlock). In case, if the counter achieves a gitiezshold, we treat it as deadlock and

recovery phase has to be started. The recovergaarbe regressive or progressive.
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In regressive recovery, deadlocked packets are wvedhdrom the network. Such
method is used in Compressionless routing [68). placket is dropped, the sender has to
be notified about it. Compressionless routing eesli this by resetting the sender’s
counter after each new flit is accepted into nekwdir the counter reaches a threshold
value before the last flit is sent to the netwatkadlock situation occurs and packet is
removed from the network. If the last flit is infjed to the network, the source in
compressionless routing is ensured that the hé&alda# already reached destination, so,
the packet has already allocated VCs in whole pathit can not be blocked. However
the packet has to be long enough in order to ensbae when the head flit reaches
destination at least one flit still remains in Swurce. If the packet is not long enough, it
is extended by appending empty flits.

The progressive recovery approach eliminates delddguation without removing
deadlocked packet from the network. That methagsexd in Disha recovery scheme [6],
where recovery from deadlock is performed by a lsiraglditional flit buffer at each
node, which is the minimum required for a prognessiecovery scheme. This special
escape buffer is a special input buffer sharecacheouter (a floating VC) and it is used
only when deadlock is detected. The escape bufbens kind of free path. Once such a
deadlock situation occurs, one of the packetserciltle is switched to that free path and
routed minimally along this path until destinatioBy reaching destination, the
dependency cycle is broken. The Disha scheme doesvaste network resources by
sending and removing packets, like it is in comgi@@dess routing. Thus it has
potentially higher performance. The Disha schemg wgproved in [7], where instead of

using sequential recovery, concurrent solution praposed.
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Deadlock recovery techniques are solutions to ebte the need of additional
resources to avoid deadlock. They are useful dnfjeadlocks occur not so often. In
another case, the overhead produced by deadloektuet and recovery would degrade
the overall performance. The drawback of regressesovery can be eliminated by
progressive solution, where in deadlock case rengoand sending again a packet is not
necessary. However efficient implementation of Rislequires an additional central
buffer [41]. Moreover, for long packets recoveringm deadlock is not so fast, that leads
other deadlocked packets to wait for escape buftemcreases latency and reduces
throughput.

The list of routing algorithms proposed in therkteire is almost infinite. However
the most researched and developed are deadlocklaag® routing techniques. Also
present and future scaling allows for greater Hay and resource possibilities on the
chip. Thus the hybrid, deadlock avoidance techracare placed on the top of available

routing solutions.

2.4. Proposed energy model
Energy consumption of a VLSI system becomes ortaeofnost important costs. It is
related to design aspects such as thermal and powsvestrains. A model of power

consumption of network routers was proposed in [TIBe bit energy in routerg ) is

defined as the dynamic energy consumed while tsavgrone bit of data through the
router:

E it = ESDlt + EBDlt + Ean (2_1)

Ry
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, Wherek is energy consumed by the switch arbitratiey, is buffering energy (buffer
write and read energy) aig, is energy consumed by interconnection wires ininge

switching fabric (energy required to traverse thressbar switch). Besides energy
consumed by router, we have to also consider ermrggumed on the physical channels

between tiles g ). Thus, the average energy consumed in sendingioé data from

a tile to its neighboring tile can be calculated as
By =Eg, +E. (2-2)
Consequently, the average energy consumption afirsgone bit of data from tilg
to tile ; is:
Eg’ =Eg (N

+)+E N (2-3)

hops hops
, WhereNopsis the number of channels traversed by a packetdes tilet; andt;.

In the equation 2-3 the; andE, are constants for a given design. In [113] authors
presented performance analysis of wires. The etgttia in [pJ/bif for NoC is:

E, =039+012,, (2-4)
, Wherelyire is the length of a physical channel mrj.

The energy model assumed in this thesis is propfmsed/o topologies chosen in the
Chapter 2.1k-ary 2-mesh and#i-ary 2-cube. In the 2D-mesh, the assumed lengtheof
physical channel equals length of the PE edge. [Ength reported in [110] is 1.5njn,
so for the 2D-mesh we can assuijg = 1.5 [mmn]. For 2D-torus folded version is

considered, that doubles length of channels in @rispn to 2D-mesh, thus férary 2-

cubelwire = 3[mm. Finally, the energy consumed on the physicaholets between tiles
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in [pJ/bif isEZ "= 057for k-ary 2-mesh andE°™“*=075for k-ary 2-cube

topology.

The research in [113] is extended in [115], wheatedevel power simulation of VC
router proposed in [60] is performed. The routeuntes packets according to DOR
scheme. The amount of energy required for a sibigleo pass the router ig; = 098
[pJ/bif.

In [67] authors present implementation of routerrfuting algorithms based on VCs:
DOR and fully adaptive hybrid algorithm. The presehresults show, that average
energy per packet for both DOR and adaptive algmst under uniform and transpose
traffic patterns is similar. Thus, for both DOR aadaptive routing techniques router

energyE; = 098 [pJ/bif.
For NoCs based on virtual channel flow control, g can be expressed as [75]:
Er, =Es, *Eg, +E, +Es, (2-5)
, where E,_is energy consumed by VC arbitration. In the expregual-channel flow

control, packet traveling EVC is able to bypassringer pipeline of intermediate nodes

without buffering, VC and switch arbitration. Thus,savesg, ,E,_and Eg , that
reducesEg . Synthesis results presented in [60] show thatggneequired to traverse
the crossbar switclg,, is 24% of all energy consumed by router. Thus, energhibf

traversing through EVC is 24 of energy of bit traversing through NVC:

EEYC = 024EN"° = 023[pJ/bif (2-6)
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Thus finally, for all considered routing algorithifi3OR, DOR-LB, Valiant, Valiant-
LB and hybrid adaptive), the average energy consiompf sending one bit of data from

tile t; to tilet; can be expressed by:

Fork-ary 2-meshEy;,’ = 098(N/v.c +1) + 023N/ + 057N, (2-7)
Fork-ary 2-cubeEy," = 098(Nwre +1) + 023N 57" + 075N, (2-8)

NVC
N

, where N, < is the number of NVCs traversed by a packet betviéet; andt;, N is

the number of EVCs traversed by a packet betwéen andt;, andNnpsis the number
of physical channelsnmber of EVCs + number of NVCsl}-traversed by a packet
between tilg; andt;.

Model of energy described in equations 2-7 andi2+8ed in this thesis. It provides
an efficient approximation for considered levelatfstraction for the NoC architectures
presented in this work. Similar models have beerdus other works, e.g. [42], [53],
[60]. The experimental results performed in [42bwkd, that an average error between

the considered model and other models is equal4g¥.
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CHAPTER 3
PROCESSOR ALLOCATION

Modern CMPs are expected to support a multiuseir@mwent in which many
parallel jobs are executed simultaneously. Begiolescheduling, an efficient processor
allocation is critical component to such CMPs. 3obeduling is done by Job Scheduler
(JS) that is responsible for selecting the nexttwlbe executed. Processor allocation is
done by Processor Allocator (PA) that deals witlet®n of a set of PEs for the job
selected by the JS (Fig. 1-1).

In a 2D-mesh and 2D-torus topology based CMP, eoning job is described by the
size of the subgrid it requires. The JS selectsnid job from the system queue for
execution using a proper scheduling policy. Foolagelected by the scheduler, the PA
tries to find an available subgrid. If such a feeddgrid does not exist, then the scheduler
handles the job according to the implemented pdkcy. the JS waits until a submesh is
released or a smaller job is sent from the quetlead’A). The jobs are allocated in such
a manner that they do not overlap with each otlad, if they are allocated, they run until
completion. There are two major processor allocastrategies: Contiguous and Non-
contiguous. As explained in the Chapter 1.2, thissettation addresses contiguous
approach.

The contiguous scheme has a tendency for exteraghentation, which occurs
when there are enough free processors for a plartimb, but it is not allocated due to
lack of contiguously or different topology as Nolt.leads to a critical property of
processor allocation algorithm — subgrid recognitatility (ability to find free subgrids

for incoming jobs). If an algorithm can always fiad available subgrid (if it exists) for
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an incoming request, we say that the algorithmduaasplete subgrid recognition ability.
However, such implementations with recognition ctetemess increase the complexity
of the processor allocator [117]. Another importardperty of allocation algorithm is its
speed. A good solution is supposed to have complagrid recognition ability, with

low allocation overhead.

3.1. Definitions and Notations

3.1.1.k-ary 2-mesh

A k-ary 2-mesh (2D-mesh) topology, denotedNdfw, h), consists ofw x h nodes
arranged in av x h 2D grid. Each node in the mesh refers to a PE.nbdde in columrc
and rowr is identified by addressc<r>, where 0< c<w and 0<r < h. A non-boundary
node <, r> is connected by direct communication channetsmeighboring nodesc<
1, r>and <, r £1>. A boundary node has two or three neighborindesadepending on
its location within the entire mesh.

Definition 3-1: A 2D submestg(p, g in the mestM(w, h) is a subgriaMi(p, g such
that 1< p<wand 1< g< h. A job requesting a submephx q is denoted byi(p, 9. A
submeslISSis identified by its base (lower left node) and gapper right node) and is
denoted a§<xy, > <Xe, Vo>].

Definition 3-2: A node is busy if it has been allocated to a lbusy submesfi is a
submesh where all of its nodes have been allod¢atgbs.

Definition 3-3: A node is free if it is not allocated to any j@gbsubmesh is free when
all of its nodes are available (are free).

Definition 3-4: A busy array of a mesM(w, h) is a bit mapB[w, H, in which
elementB[c, r] has a value 1 or O if node <> is busy or free respectively.
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Definition 3-5: A busy list is a set of all busy submeshes insysem. Similarly, a
free list is a set of all free submeshes in théesys

Definition 3-6: The coverage of a busy submestith respect to a joB is denoted
by s and it is a set of processors such that use ofnang inés; as the base of free
submesh for the allocation dfwill cause the johk) to overlap withs. The coverage set
with respect td is denoted by{Z; and it is the set of the coverages of all busyreghes.

Definition 3-7: The reject area of submesh with respect to a,jalenoted by;, is a
set of processors such that use of any nodg;ias the base of free submesh for the
allocation ofJ will cause the jold cross the boundary of the mesh.

Definition 3-8: The sink of the reject area is the processor egtbrdinates w—p +
1, h—q+1>.

Definition 3-9: A base block with respect to a jdlis a submesh whose nodes can be
used as base for free submeshes to allocaté. jAbset of disjoint base blocks is called
the base set.

Definition 3-10: External fragmentation is the ratio of the numbkfree processors
to the total number of processors in the mesh, wherallocation of incoming task fails

but there is sufficient number of free processors.

As an example, a medi(9, 9), busy and free nodes, sink, coverage aregst
areas, busy array, busy and free lists with reqpek®, 3) are presented in Fig. 3-1. The
busy nodes are marked using black color while freag white color. The reject area is
denoted by the shaded region with doted edges. cbverages of busy submeshes

Bi=[<1, 0> <5, 4>] B,=[<7, 3> <8, 6>]andfs=[<1, 7> <4, 8>] ar&y =[<0, 0> <5, 4>]
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011110000 <1,0><5, 4
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011111000 <6 3><6 6
011111000 <1, 5> <5, 6:
01111100 0 <5, 7> <8, 87

Figure 3-1. A mesM(9, 9, busy and free nodes, sink, coverage areast aajeas, busy
array, busy list and free list.

&, 7[<6, 1> <8, 6>]and s ~[<0, 5> <4, 8>]respectively. The coverage &t = &1 5
U &ppa U &gz . The reject are®; = [<0, 7> <8, 8>]u [<8, 0> <8, 8>]and its sink has
coordinates <8, 7>. The base set is [<5, 5> <5,6 56, 0> <7, 0>]. Both internal and

external fragmentations in the presented casecu@ ¢ zero. For a given jahC; 1 Ry
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represents the set of processors, which can nttebbase of the free submeshes. Thus
the base set faris Z — G — Ry, whereZ refers to the set of all processors in the system.
is important to note, that the base set with resfed(p, ¢ is different from this with
respect ta(q, p, whenp # q.

3.1.2.k-ary 2-cube

A k-ary 2-cube (2D-torus) topology, denoted Byv, h), consists of w x h nodes
arranged in & x h 2D grid. Each node in the torus refers to a PEe Adde in columic
and rowr is identified by addressc<r>, where < c<wand O<r <h. Anode <, r>is
connected by direct communication channel to itghi®oring nodes &+ 1, r>and <, r
+ 1>, where in case if:

e c=-1lc—w-1,
e r=-1r<h-1,
* Cc=w,c«0,

e r=hr<0.

Thus each node has four neighboring nodes.

Definition 3-11: A 2D subtorusS(p, g) in the torusT(w, h) is a subgridl(p, g such
that 1< p<wand 1< g< h. A job requesting a subtorgsx q is denoted by(p, 0. A
subtorusS is identified by its base (lower left node) andlgapper right node) and is
denoted ag<xp, > <Xe Ye>]. In contrast to the 2D-mesh topology, in torugesan be
greater tharx,, similarly, y, can be greater thap, however the base still remains as

lower left corner with end on the upper right ngitem a job point of view).
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Definition 3-12: A node is busy if it has been allocated to a jolhuAy subtorug is
a subtorus, where all of its nodes have been d@#dda jobs.

Definition 3-13: A node is free if it is not allocated to any job.subtorus is free
when all of its nodes are available (are free).

Definition 3-14: A busy array of a toru3(w, h) is a bit mapB[w, H, in which
elementB[c, r] has a value 1 or O if node <> is busy or free respectively.

Definition 3-15: A busy list is a set of all busy subtoruses indigtem. Similarly, a
free list is a set of all free subtoruses in thetey.

Definition 3-16: The coverage of a busy subtogisith respect to a job is denoted
by & and it is a set of processors such that use ofnang iné;; as the base of free
subtorus for the allocation dfwill cause the jold to be overlapped with. The coverage
set with respect td is denoted byC; and it is the set of the coverages of all busy
subtoruses.

Definition 3-17: A base block with respect to a jdlis a subtorus whose nodes can
be used as base for free subtoruses to allocatk Plset of disjoint base blocks is called
the base set.

Definition 3-18: External fragmentation is the ratio of the numbkefree processors
to the total number of processors in the torus,nthe allocation of incoming task fails

but there is sufficient number of free processors.

It is assumed in this dissertation that jobs aneag$ placed in the torus network from
left to right in horizontal direction and from both to top in vertical direction. It is

illustrated in Fig. 3-2. The base of thé j& is <3, 1> and its end is <0, 2>. The
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Figure 3-2. Location and orientation of jobs usmgparouncchannels on a tor
network.

beginning of thel; is on the right hand side of the torus, but itd enon the left hand
side of the network, while the job is placed int-gght fashion. Similarly for jolJ,, the
base and the end are <1, 4> and <3, 0> respectiVkeé/beginning o8, is on the top of
the system, but its end is on the bottom of tohasyever the job is allocated in bottom-
up way.

As illustration of the given definitions, a tortli€9, 9), busy and free nodes, coverage
areas, busy array, busy and free lists with reqoek®, 3 are presented in Fig. 3-3. The
busy nodes are marked black while the free are edavkhite. The busy subtoruses are
Pr1=[<7, 2> <1, 5>] p=[<4, 3> <5, 4>]andf3=[<2, 7> <5, 0>]. The subtory% could
also be a submesh for the corresponding 2D-mesbiagy (the jobJ, does not use
wraparound channels). The coverages for given sudgs are’; =[<6, 0> <1, 5>]

& ~[<3, 1> <5, 4>pndéss =[<1, 5> <5, O>Jrespectively. The coverage €&t= s )
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Figure 3-3. A torug (9, 9), busy and free nodes, coverage areas, lotesy, ausy list an
free list.

U &g U &gy . The base set is [<6, 6> <0, 8p][<2, 1> <2, 4>]. Both internal and

external fragmentations in the presented casecara & zero.
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For a given joll, C; represents the set of processors, which can nitteblease of the
free subtoruses (for meshes iCsu R;). Thus the base set fdis Z — G (for a 2D-mesh
topology it isZ — G — Ry), whereZ refers to the set of all processors in the systarthe
case ofk-ary 2-cube NoCs, we do not have reject dRedDef. 3-7). By introduction
wraparound channels in 2D-torus, it is not possiblget a job that would cross boundary
of the torus, thu®; does not exist. Similarly, a 2D-torus topology sla®t have a sink
(Def. 3-8). For &-ary 2-cube the base set with respeci(fm ¢ is different from this

with respect td(q, p), whenp # g, as was the for kary 2-mesh.

3.2. Analysis of Allocation Algorithms
Increasing the efficiency of allocation algorithfos 2D-meshes was subject of a lot
of research. However, for torus networks, auth@gehfocused on high dimensiorial
ary n-cubes [20], [26], [38], [66], [96], [118] and spkcally, allocation problem for
CMPs in a 2D-torus topology is not addressed. Is #ection, analysis of proposed
processor allocation techniques keary 2-mesh topologies is presented.

3.2.1. Busy Array (Bit Map) Approach

The solution with a bit map representing the alfiecastatus of processors in the
mesh is presented in [122]. Based on the ideaafl@oation schemes are presented: the
First Fit (FF) and the Best Fit (BF). With respéztan incoming job, the busy arr&y
(without considering reject aréd) is scanned in to create a coverage a@rawhich is a
bit map representing the coverage set. In ordéorta the Ct in an efficient way, each
coverageds; is divided into three regions: job coverage, lefiverage and bottom
coverage (Fig. 3-4). Then, two scans are necessary:

1. All rows from right to left (determining a job ateft coverages).
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2. All columns (left to right) from top to bottom (@eng a bottom coverage).
The FF strategy returns the first available node toes not belong to the coverage

set, while the BF selects the base whichti@asnaximum number of busy neighbors.

il = 32,3

7

6

5 === = = [ ] - free node

) | [l - iob coverage

° I [] - left coverage

’ B - bottom coverage
1 ==

° 0 1 2 3 4 5 A%H;H? (] - coverage are

Figure 3-4. Coverages and their three regions regpect taJ(2, 3. Reject area is not
shown.

Thus, in each case of the BF strategy, the bit im&ganned two times while for the FF
in some cases second scan can be interrupted @vedinst base node is found, scanning
is interrupted and the node is returned as basaul&ion experiments show that system
utilization and external fragmentation are almbstsame for both schemes. However the
FF algorithm is more efficient and simple, that kedthe selection of FF in practical
implementations [122].
With the FF solution, achieved time complexitydévh) for allocation. The drawback

of the algorithm is lack of recognition completesiewhich is the result of considering

only the fixed orientation of tasks.
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FE Algorithm
1. calculate sink with respect to J

2. for eachrow in B do
for each node in considered row from right to left do
= create job and left coverages in C; with respect to J
3. for each column from left to right in C;+ without R; do
for each node in considered column from top to bottom do
= create bottom coverage in C; with respect to J
if node can be base then
return node as base for J (success)
exit
4. return fail (job is not allocated)
exit

Deallocation of processors in the systems withsytauray reduces to clearing all the
elements in bit map. It is also done i©O(wh).

3.2.2. Implementation of Busy List

The replacement of bit map by a list with busy sidsyis proposed in [24], [25],
[36], [39], [69], [73], [117] and [120]. As in thease of bit map, each technique with
busy list is based on the fact that for any jalone of the nodes insid® 1 R; can serve
as the base. So, for eagfhcreatingC; andR; is a common first step for algorithms with
busy list. Because of the fact that allocationustatf processors is maintained using busy
list, C; is also in a list form and it is constructed bgrsung the busy list, and for eagh
in the list&s; is constructed. For a giveiF[<X,, V> <Xe, Y], its coverage with respect
to J(p, 9 is & o=[<Xe, Vo> <Xe, Ye>], Wherex=max0, %, — p + 1) andy.=max(0, Y — q +
1). Ry is found by calculating the sink.

Finding the node that is not @; u R; and the strategy of choosing one node (if
many) is the next step that differs from the abmentioned solutions. The first strategy

with busy list was Frame Sliding (FS) [25]. The 66 the given johJ(p, g maintains a
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frame of sizegp x g, which is identified by lower left corner. The ffne slides through the
mesh, starting from the lowest left available nddinen nodes in the currently examined
frame are not available, the frame slides ovemtlesh by taking horizontal and vertical
steps equal to the width and height of the franspeetively. The frame concept in the FS
is applied by checking if lower left corner of thiame is not irC; u R; (the coverage list

is searched for each node under consideration)fanfils (lower left corner is irC; o

R;) by moving the corner according to the size & fitame. With the FS solution, the
achieved complexity i©(whB), whereB is the length of the busy list. The FS technique
does not have complete submesh recognition aldiligyto two factors:

1. Fixed strides of frame.

2. Fixed orientation of tasks.

The advanced version of the FS algorithm with redomn completeness is proposed

in [39]. The Adaptive Scan (AS) strategy fevery requested jabgoes through the

AS Algorithm
1. calculate sink with respect to J

2. create C; with respect to J based on busy list
3. for each row in M(w, h) without R; do
for each node in considered row without R; do
for each element in C; do
if node belongs to considered element then
= go to next node
else if last element in C; then
return node as base for J (success)
exit
4. if orientation of job was not changed then
= J(p, a) < J(q, p)
=mgotostepl
else
return fail (job is not allocated)
exit
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mesh, node by node, taking horizontal and versteps respectively, that differentiates it
from the FS. Each node, belonging@e 1 R; is tested by going through the whole
coverage list. Membership ©; 0 R; causes the algorithm to check another node while
in the other case, node can be a base for a giviacognition completeness is achieved
through node by node verification and by consigetwo job orientations: if allocation

of J(p, o) fails, thenJ(q, p) possibility is checked. Similar to FS, the comxleof AS is
O(whB).

Another development in FS and AS strategies isemtesl in the Quick Allocation
(QA) algorithm [120]. In the QA scheme individuddecking of the nodes is replaced by
testing only each row in the mesh. It was achielgdntroducing a one dimensional
array calledast_coveredwhich remembers the horizontal coordinatedordinate) of
the rightmost covered node for each row. Thuseasbf going through each node in the

row, it is enough to check, if horizontal coordmat thelast_coveredor the node under

QA Algorithm

1. calculate sink with respect to J
2. create C; with respect to J based on busy list
3. sort C; in the increasing order of x.
4. for each row in M(w, h) without R, do
= last_covered in considered row « -1
for each element in C; do
» update last_covered to rightmost covered node in considered row
if value of last_covered + 1 is in R; then
* go to next row
else if last element in C; then
return value of last_covered + 1 as base for J (success)
exit
5. if orientation of job was not changed then
= J(p, a) < J(q, p)
" gotostep 1
else
return fail (job is not allocated)
exit
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consideration is not iR;. If so, thelast_coveredvalue for the row is the base for the
requested jold. A key issue here is the method of creating arghtipg theast covered
array. It is done by going through the coveragé &ad analyzing the horizontal
coordinates ofy ;. In order to make this analysis possible in alsipgss of the coverage
list, it is necessary to sort coverages=[<x., > <Xe, Y] in the increasing order of.
The QA technique is recognition complete and atiogrto computer simulations [117],
[120] is faster and more efficient than the eartiescribed algorithms based on busy list.
The complexity of the QA solution 3(hB).

All the algorithms so far presented find the bawette job by maintaining a busy list
and scanning the nodes or rows of the mesh. Theaédnhty (ADJ) strategy [36] initiates
another approach, which eliminates the need fanrsng. For requested jah the ADJ
compares the corners dfvith the corners of eacl ; in the coverage list. If a submegh
overlaps with some of the allocated subgrids, tiiemesh] slides along its boundary. It
adjoins the busy submeshes as much as possibterethaces the chances of external
fragmentation. The ADJ is recognition complete asdcomputer simulations showed,
only the QA scheme from former busy list algorithim$aster than the ADJ [36], [120].
It is important to note that the ADJ is the firstlnique, where the allocation time does
not depend directly on the size of the mesh, buaites along with the size of the busy
list (we do not have to scan the mesh structureseeech the busy list). The complexity
of the ADJ isO(B?).

The idea from ADJ of getting rid of scanning thedes or rows and considering only
the coordinates of submeshes was the foundatiorréating the innovative allocation

scheme — the Stack-Based Allocation (SBA) algorifii/]. The SBA uses coordinate
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calculations and spatial subtractions in ordeiinid & base. To increase the efficiency of
the algorithm, main steps of the scheme are peddrusing a stack. For a requested job
J, the initial candidate base blotkis determined and it gives the first set of canidida
blocksB;: 1;=[<0, 0><xs — 1, ys — 1>], where X, ys> is the sink. The coveragés; in
C,in form of a busy list are then spatially subtraddi®m theB;: if the first coveragées ;
interests with any block iB;, then thei; ; is subtracted from the intersecting blockBaf
that gives a new block (or blocks) fBs (the B, is updated). Afterwards, the next; is
checked (if it intersects with any block in the afetiB;) and if so, it is subtracted from
B; , and so on. This continues until §l; in C; are considered. B; is not empty after
subtracting alt ;, any node fronB; can be a base fdt The key idea of the algorithm
that makes it very efficient is to implemdBias a stack. A candidate block on the top of
the stack is always compared with néxi to see if they intersect with each other. When
new blocks forB; are generated from a spatial subtraction, theypashed onto stack,
replacing the top element. Each block on the shacka pointer to the ne, that the
block should be compared with. When a block onstiaek with a null pointer appears on
top of the stack, the desired base block is obthailfehe stack becomes empty, then the
allocation fails.

The complexity of the SBA wa®(B?). But it is proved in [121], that the actual time
complexity isO(B?).

Due to very interesting approach to processor afion problem, the SBA technique
is a subject of very intensive research [24], [§9B]. The algorithm was improved in
[24], where the Improved Stack-Based (ISBA) aldunitis proposed. Both, the SBA and

ISBA algorithms use manipulation of job orientatiom obtain complete submesh
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recognition ability. However, when jol{p, g) has bothp andq sizes equalp(= q) there
is no need to change job orientation — becausauses the algorithm to execute two
times with the same jall{q, ¢). This drawback is eliminated in the ISBA.

In systems with busy list, deallocation of a jolgquees removal of an element from
the busy list. It can be done in constant time aplementing pointers from allocated
jobs to corresponding elements in the busy lisusTlhe time complexity of deallocation

isO(1).

ISBA Algorithm
. calculate sink with respect to J
. create C; with respect to J based on busy list
. create initial block I,
. assign pointer to first available &g ; for |,
. push I; onto the stack
. while the stack is not empty do
if pointer to g, in block on the top = null then
return block from top as base for J (success)
exit
else k < pointer to g, in block on the top

OO, WNBE

if block on the top intersects with C,[k] then
= pop up block from the top of the stack
= perform spatial subtraction C;[k] from popped up block
for each candidate block got from spatial subtraction do
= assign pointer to C,[k+1] for candidate block
= push candidate block on the stack
else
= pointer to &g, for top block < next &g ;5 in C;
7. if orientation of job was not changed and p # g then
* J(p, q) < J(@, p)
=mgotostepl
else
return fail (job is not allocated)
exit

3.2.3. Solution with Free List

Another approach to the processor allocation probie not keeping in memory

information about subgrids that are busy, but naammg a list with free subgrids (keep
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list of processors that can be allocated for a@stpd job) [1], [63], [80]. The allocation

seems to be simple and fast. To allocate a jobfraw list is scanned to find a free
submesh, which is large enough to accommodate dbe RProblem appears while

deallocating, when a subgrid is released and caaihed with another, that would create
greater subgrid (in this way we could accept biggbrif requested). Such an expansion
IS necessary in order to preserve recognition cetapéss of the scheme.

The Free List (FL) algorithm [80] maintains a frest, where subgrids can overlap
and they are sorted in non decreasing order of $iee. So, for a requested jdlxhe free
list is searched from the beginning for the finstef candidate submesh whose size is
equal or larger thad. Both orientations ofl are checked. In order to reduce external
fragmentation, four corners of the candidate sulbnas considered and one with the
highest boundary value is actually allocated (b@updralue is calculated similar to the
ADJ [36]). The deallocation process involves expamsof free submesh with free
subgrids in the free list. This operation is hardl as it is reported in [1], the FL
technigue can miss sometimes the biggest submebhesause the scheme to lack
recognition completeness. The allocation and deation complexity of the FL i©(F?),
whereF is the length of a free list.

The drawbacks of the FL are addressed in [63]. Free Submesh List (FSL)
strategy maintains two lists: the free list withaaerlapping free submeshes and the busy
list with busy subgrids. For an allocation requést, FSL scans the free list (it is ordered
in the no increasing order) and generates a subitht candidates of the desired size.
Then, the algorithm evaluates candidates by ugiegréservation factor that decreases

external fragmentation. In the deallocation procéss requested job is removed from
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the busy list and the free list is updated to omigal free submesh-=[<0, O><w -1, h
—1>]. Afterwards, based on the and busy list, new free subgrids are generatethi$n
way, the largest possible submeshes are alwaylseofnde list and their expansion is not
required. Furthermore, the FSL scheme is recognitomplete. Drawbacks of the
solution are the necessity of two lists (busy aee)and higher time complexitiegd(F?)
for allocation andD(F®) for deallocation

Disadvantages in both the free list technique tdaecognition completeness in the
FL and high complexity in the FSL case were fourmhet for creating the newest scheme
— the Compacting Free List (CFL) algorithm [1]. TGEL maintains unordered list of
possibly overlapping free submeshes. For requgsted the first free subgrid that is
large enough to accommodadites selected. Both orientations bére considered and also
four corners of aspirant subgrid are tested ab#se — one with the highest boundary is
chosen. If thel was smaller than a candidate submesh, it is stibttdrom the submesh
and results are added to the head of list. Alse,allocated submesh is subtracted from
the remaining free submeshes that overlap with nésults are put on the head of list.
Deallocation is divided into two phases: in thetfithe deallocated submesh is expanded
into elements in the free list, in the second tleminers of the free list are expanded into
subgrids expanded in phase one. Together with yest of proposed expansions, the
CFL does not miss sometimes maximal free subgntat took place in the FL, thus the
CFL is recognition complete. The time complexity thle CFL is linear for both
allocation and deallocation, and equal$).

All presented techniques with implementation ofeflest are complicated in both

allocation and deallocation phases. Computer sitmoulaesults show that even the best
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of free list strategies, the CFL scheme with lingare complexity, is not better than
previous busy array and busy list strategies [lécdsésity of frequent expansion,
scanning and sorting (the FL) make solutions wighdf free subgrids not efficient and
less attractive in comparison to the others. Is thissertation, free list techniques are

neither considered nor researched.

3.3. Proposed Allocation Algorithms ferary 2-mesh

The FF and BF algorithms suffer from lack of redtign completeness. Let us
consider the case: a free submeshk h is available, wherev # h. So, the number of
available processors g x h. Then allocation of jold(p, g) is requested, whege= h and
g = w, that impliesp # g. The number of requested processors is equalrtdeuof free
processorspg(x q=w x h). Let us consider two possible cases:
1. w>h:itimplies, thatg > p, soq > h. As the free submesh heidhis smaller than the

height of the requested jaj algorithm will return false (job is not allocajed
2. w<h:itimplies, thatg < p, sow < p. As the free submesh widihis smaller than the

width of the requested jgiy algorithm will return false (job is not allocajed

Theorem 3.1: Considering both orientations of job for FF and &HhemesJ(p, 0

andJ(q, p, guarantees the complete submesh recognition.

Proof: For requested jol(p, g, let us consider two possible cases:

1. w> h it implies, thatq > p, sog > h. As the height of the free submelshs
smaller than the height of the requested gplalgorithm will return false. After
changing orientation we haw¥q, p, that impliesp > g, soh > g and job is
allocated.
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2. w < h it implies, thatq < p, sow < p. As the width of the free submeshis
smaller than the width of the requested mhalgorithm will return false. After
changing orientation we hawq, p), that impliesp < g, sop < w and job is
allocated.

]

Each algorithm presented is characterized by itéime overhead. In systems that

support multitasking and multiprogramming, the Réh be employed many times before
a large enough subgrid is found. Every call of @lmon procedure in the PA generates
additional allocation overhead, which we want tmimize. As it was mentioned earlier,
both job orientations are considered in modern rélgos in order to get recognition
completeness. In cases where both orientationsarsidered, schemes run two times:
for J(p, 9 andJ(q, p. However, when jok)(p, g has bothp andq parameters equal
(p=q) algorithm is executed two times with the same job

Theorem 3.2: If the algorithm is recognition complete for arobjJ(p, 9, then in

case whe = q considering only one orientation guarantees reitiogncompleteness.

Proof: In case of allocation failure fap, g), algorithms consider another orientation

J(q, p). If the other orientation fails, there is no largnough submesh to accommodhte
and the algorithms return false. When= g, we consider johJ(q, ¢). If after first
orientationJ(q, g allocation fails, changing orientation dfg, g will change nothing,
so, failure after first orientation guarantees laok submesh large enough to

accommodatd.
L]
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By applying theorem 3.2 to allocation algorithmse are eliminating redundant
runtime and reducing allocation overhead.

3.3.1. The Improved First Fit (IFF) Algorithm

As it is mentioned in Section 3.2.1, the FF aldgontperforms better than the BF.
This work proposes a new IFF algorithm, which iseatension of the FF technique by

applying theorems 3.1 and 3.2. The last step oFthes modified in IFF:

IFE Algorithm
1.

2. } Steps like for the FF algorithm

3.

4. if orientation of job was not changed and p # q then
= J(p, 9) < J(a, p)
=mgotostepl

else

return fail (job is not allocated)
exit

By theorems 3.1 and 3.2, the proposed IFF algorighracognition complete.

3.3.2. The Improved Adaptive Scan (IAS) Algorithm

The AS algorithm is recognition complete as it ¢dess two orientations of joli(p,
g). It considers both orientations in each case, aldienp = g. The proposed new IAS
algorithm is the AS with the application of theoréh®. The last step of the AS is

modified in IAS:

IAS Algorithm
1.
2. } Steps like for the AS algorithm
3.
4. if orientation of job was not changed and p # q then
* J(p, q) < J(a, p)
=mgotostepl
else
return fail (job is not allocated)
exit
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By theorem 3.2, the IAS is recognition complete.

3.3.3. The Improved Quick Allocation (IQA) Algorith

The QA technique is also not optimal due to chaggu J(p, g) orientation always,
even ifp = g. The proposed IQA is a modified version by applyiheorem 3.2 to the last

step of the QA:

IQA Algorithm

1
g' Steps like for the QA algorithm
4.
5. if orientation of job was not changed and p # g then
= J(p, 9) < J(a, p)
=mgotostepl
else

return fail (job is not allocated)
exit

By theorem 3.2, the IQA is recognition complete.

3.4. Allocation Algorithms fok-ary 2-cube

The detailed description of a 2D-torus topology piesented in Section 2.1.4.
Generally, a 2D-torus topology is characterized dmpd path diversity, better load
balance and reliability in comparison to 2D-mesHess achieved by enriching a 2D-
mesh with additional, wraparound channels that eonthe external nodes in each row
and column. Moreover, in the case of processorcation, 2D-toruses give better
flexibility and possibility of finding free processfor the job.

In Fig. 3-5 a torus network(5, 5 is shown, where allocation of the jd§4, 1) is

requested. On the torus, two jahsandJ; are already allocated. It is important to notice,
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that for equivalent 2D-mesh netwadk(5, 5, we would have three allocated joBs;, Jip
andJ,. Because of the extra channels added in torusdgppteparate job, andJp in
the mesh can be treated as oneJjoin the torus. Moreover, the torus network in Beb
allows us to allocate joBis;, that would not be possible in the case of eqaimamesh
M(5, 5. A base for the jold; on the given torus could be node <3, 1> (its endli, 1>)

or <3, 0> (its end is <1, 0>).

L T TRt
I

S

1(&&#&{;,) [ ] - free nod
O%@%%%D B4 - busy nod¢by job »)

Figure 3-5. A torug (5, 5 with two allocated jobd;(4, 3 andJx(1, 2, and one job in a
queuels(4, 1.

3.4.1. Construction of Coverage Set

All processor allocation techniques based on busyand busy list, create coverage
set in one of the first steps.

For algorithms based on busy array, coveragesraatet] by scanning busy arfay
In this case, the methodology of creating coves®y€; for 2D-meshes and 2D-toruses
is similar.

In the schemes using a busy list for processocaiiion, coverages are determined for

each busy subtorus and they depend on the addreiskase %, > and end %, yo> of
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J2,2 [O-free node

M - busy node
_End
N
LT CHIl CATHOHES . gDHEH
GRS ot L S e 1 T Y N

Figure 3-6. Four different cases of a j#{R,2) allocation for a torus network: (a) Regt
case known from 2D-mesh networks, whey& X. andyy, < Ve, (b) Xp > Xe anc

Yo < Ve, (C) X < Xe @ndyp > Ve, (d) X > Xe andyp > Ve.

the subgrid. Fok-ary 2-mesh topology, we had only one possible acdsaddresses,
wherex, < % andy, < Ve (Fig. 3-6a). Ink-ary 2-cube topology, we have four possible
cases — all of them are shown in Fig. 3-6. For gaekented instance, coverages need to
be determined in a different way. For a giy&ri<x,, W> <X, Y], itS coverage with
respect toJ(p, 0 is s=[<X1, V1> <Xz, Y>>], wherex, y1, X andy, are determined
according to the Construction of Coverage algorithm

3.4.2. Bit Map Allocation for Torus (BMAT) Algoritin

The general idea of the BMAT algorithm is basedtbe approach used in IFF
algorithm. With respect to an incoming job, the yoasray B is scanned to create a
coverage arrar in the form of bit map.

Each coverage}; is divided into three regions: job coverage, lefiverage and
bottom coverage (Fig. 3-7) that allows creatin@ain an efficient way. Then in the

worst case, two inspections throug@ware required:
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[] - left coverage of job x

N4

x{ - left coverage of job x

\1

O Lt e

A I L L B

ol S i s o

e CIETE e

4 C[}{} 3 # {:) [ ] - free node

’ ﬁﬂ {;} {;}; - job coverage of job x
Rttt oaE

B ks o e

(] - coverage area

Figure 3-7. Coverages of joBg?2, 3), J»(2, 2 andJs(2, 5 with their three regions, with
respect tay(2, 3.

1. All rows from right to left, each row two times ¢tdemining the left coverages of a
job).
2. All columns from top to bottom, each column two éisn (creating a bottom

coverage).

The BMAT technique is recognition complete by maéting the job orientation. If
for a givenJ(p, ¢ the allocation fails angd # g, the scheme will change the orientation of
the job and thed(q, p possibility is checked. When both attempts fidug allocation of

the job falils.
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Construction of Coverage
Xye—Xp—pt+1
Yi—Yo—Qq+1
. Xo — Xe
Y2 < VYe
. if Xp £ Xe then
if Xx; <0then
"X, — W+ Xq
if X1 <Xe+ 1then
- X1<—0
"X, —W-=—1

A wWN P

else
if X1 <X+ 1then
'X1<—0
=X, =w-1
6. if y, <yethen
if y1 <0then
"yi<—h+y,
if y1 <ye+ 1then
ly1<_0
"y, «—h-1
else
if y1 <ye + 1then
ly1<_0
"y, =h-1

BMAT Algorithm
1. for each row in B do
= jteration < O
while iteration < 2 do
for each node in considered row from right to left do
= create job and left coverages in C; with respect to J
= jteration « iteration + 1
2. for each column from left to right in C; do
= jteration «<— 0
while iteration < 2 do
for each node in considered column from top to bottom do
= create bottom coverage in Cr with respectto J
if node can be base then
return node as base for J (success)
exit
= jteration « iteration + 1
3. if orientation of job was not changed and p # q then
= J(p, 9) < J(a, p)
=mgotostepl
else
return fail (job is not allocated)
exit
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Theorem 3.3: The time complexity of the BMAT algorithm i©(wh) for both,
allocation and deallocation.

Proof: In step 1 of the algorithm, bit mdpis scanned row by row from left to right
and each row has to be scanned two times, thas @{&wh) = O(wh). In step 2, in the
worst case, all columns in the coverage aayare scanned from top to bottom, two
times each, that gives al€d(2wh) = O(wh). In step 3, in the worst case, the above
operations are repeated one more time, so finadytocedure runs @(wh).

Deallocation of processors in the BMAT reducesléagng elements in the bit map
B, that can be done also@{wh).

[

3.4.3. Busy List Allocation for Torus (BLAT) Algahm

The BLAT technique is based on the strategy emplagethe IAS scheme. For an
incoming jobJ(p, q) the BLAT scans a busy list and creates coverag€;s which is
also in a list form. Both busy and coverage lisistain coordinates of eaghand s
respectively. Whe; is created, each node is tested for membership that is done by
inspecting the whol€; for every node. Node which is not in t@gcan be a base for the
given J, in other case, the algorithm checks another ndde BLAT scheme is
recognition complete.

Theorem 3.4: The time complexity for allocation in the BLAT aigthm isO(whB),
whereB is the size of busy list — number of busy submesbeallocation is done in
O(2).

Proof: Step 1 goes through busy list and cred&igslt is done inO(B). The most

expensive is step 2. In the worst case, the sclye®& node by node through all rows and
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BLAT Algorithm
1. create C; with respect to J based on busy list
2. for each row in T(w, h) do
for each node in considered row do
for each element in C; do
if node belongs to considered element then
= go to next node
else if last element in C; then
return node as base for J (success)
exit
3. if orientation of job was not changed and p # q then
= J(p, q) < J(g, p)
" gotostep 1
else
return fail (job is not allocated)
exit

columns and checks; for the considered node. It can be don®{whB). The procedure
of checking if the node under consideration is ment ofC; is complicated for torus
networks. However, it can be designed by using msoaf conditional expressions
(Section 3.4.1), that tak€3(1). Step 3, in the worst case repeats the abogmtipns one
more time, so the final time complexity of the BLASIO(whB).

Deallocation of nodes in the BLAT reduces to rentafaan element from the busy
list. It can be done inO(1), by implementing pointers from allocated jobs t
corresponding elements in the busy list.

[

3.4.4. Sorting Allocation for Torus (SAT) Algorithm

The SAT strategy has its origin in the IQA techmgBased oI€;, a one dimensional
array last_coveredis created. The array remembers the horizontalrdooate -

coordinate) of the right most covered node for easi It limits scanning of each row
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and column only to searching tlest_coveredarray. The SAT requires ajf = [<X1, y1>
<Xz, ¥»>] in the C; to be sorted in increasing order of lessoordinate. The SAT
technique is characterized by recognition complketen

Theorem 3.5: The time complexity for allocation in the SAT afgbm is O(hB),
whereB is the size of busy list — number of busy submesBeallocation is done in
0O(1).

Proof: Similarly like for the BLAT, the step 1 is done @(B). In the step 2, finding
the lessx-coordinate take®(1) and sortingC; takesO(B log:B). In step 3, for each row
in a torus,last_coveredarray is created, that tak€{Bh). Step 4, in the worst case,
repeats the above operations one more time. Stepsd 23 are most expensive in the
algorithm. However, for measurable size of todusgjominatedog.B, so O(hB) is the
time complexity of the allocation for the SAT.

Deallocation reduces to removing the subtorus fadousy list, so it i©(1).

SAT Algorithm
1. create C; with respect to J based on busy list
2. sort C; in the increasing order of less x-coordinate
3. for each row in T(w, h) do
» last_covered in considered row « -1
for each element in C; do
= update last_covered to rightmost covered node in considered row
if value of last_covered + 1 2w then
= go to next row
else if last element in C; then
return value of last_covered + 1 as base for J (success)
exit
4. if orientation of job was not changed and p # q then
= J(p, q) < J(q, p)
=mgotostepl
else
return fail (job is not allocated)
exit
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3.4.5. Stack-Based Allocation for Torus (SBAT) Alilom

The SBAT algorithm is an enhanced version of thBAScheme with support for
torus networks. The SBAT also uses coordinate taioms, spatial subtractions and
stack in order to find a base. In comparison tol8&#A, the SBAT needs more complex
parts, such as: creatin@;, checking intersection and performing spatial sadtion
between subtoruses. These extensions were necessaty torus properties described in
Section 3.4.1. The SBAT technique is recognitiomplete.

Theorem 3.6: The time complexity for allocation in the SBAT atghm is O(B),
whereB is the size of the busy list — number of busy sefimes. Deallocation is done in
O(1).

Proof: Time complexity of allocation for the SBA algomtis was subject of
intensive research [117], [121]. Based on thataese complexity of the SBA i©(B?).
We show that complexity of parts developed by uS(ik), that does not have an impact
on the final complexity of algorithr®(B?).

Step 1 is extended due to specific properties aistalescribed in Section 3.4.1.
However,C, can be created by scanning a busy list and agpbenditional expressions.
It is done inO(B). In step 5, checking intersection and performspgtial subtraction are
the most critical parts, which have also been dpeal by us. Checking the intersection
for torus can be done @(1). Similarly, spatial subtraction can be also@@amO(1) by
using bunches of condition operations. The stackrain is described using a state
diagram as in [121]. It take®(B®). Thus,O(B®) is the time complexity of the allocation
for SBAT.

Deallocation reduces to removing the subtorus fadousy list, so it i©(1).

73



SBAT Algorithm
1. create C, with respect to J based on busy list
2. create initial block I;
3. assign pointer to first available g ; for I,
4. push 1 onto the stack
5. while the stack is not empty do
if pointer to g in block on the top = null then
return block from top as base for J (success)
exit
else k < pointer to g, in block on the top

if block on the top intersects with C;[k] then
= pop up block from the top of the stack
= perform spatial subtraction C;[k] from popped up block
for each candidate block got from spatial subtraction do
= assign pointer to C,[k+1] for candidate block
= push candidate block on the stack
else
= pointer to &g, for top block < next &g ;5 in C;
6. if orientation of job was not changed and p # q then
= J(p, a) < J(q, p)
=mgotostepl
else
return fail (job is not allocated)
exit

3.5. Evaluation of Allocation Performance
In order to evaluate the performance of the preseatgorithms, an experimentation
system was created and extensive computer simugati@re conducted. Eight presented
algorithms have been compared, namely: IFF, IA%,, II3BA, BMAT, BLAT, SAT and
SBAT.

3.5.1. Experimentation System

During investigations, the following criteria fotgarithms quality evaluation were
used:
» Allocation timet, — defined as time needed to allocate the givenJjdb contains

time needed to find the base fad and time for allocating the job (the allocation &
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bit map reduces to updating a busy afBayor a busy list the allocation is done by
placing busy subgrid on the busy list),

Simulation timets — defined as total time of simulation. It is tiee needed to run
simulation — allocate and process all given jobs,

System load. — defined as the ratio of the number of busy msoes ;) to the total
number of processors available in the systiEg (

L= % [1L00% (3-1)

a
External FragmentatioRe — defined as the ratio of the number of free pssoes K)
to the total number of processors in the systdg), (vhen the allocation of incoming

task fails but there is sufficient number of freeqessors:

N
F, = N—f [1100% (3-2)

a

The investigations of the considered algorithmsenmgrformed on the Intel Pentium

4 machine (2 x 3GHz processor) with 2 GB of RAM.pEsmentation system was

developed in C.

The logical structure of the input-output systerdescribed by the relatida = R (A,

P) and presented in Fig. 3-8. The elements of theesyare:

Controlled inputA: processor allocation algorithm being an elemérihe set {IFF,
IAS, IQA, ISBA, BMAT, BLAT, SAT, SBAT},
Problem parameters:

= Py number of jobs in the queue (the queue is orgahiz FCFS fashion),

» P, the range of uniformly distributed pseudorandoanmbers for the size of

each johJ(p, g) in the queue (range pfandq),
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A—»

Figure 3-8. Block-diagram of the defined input-autpystem.

» P53 the range of uniformly distributed pseudorandoombers for execution
time of each job in the queue,
= Py size of torusl(w, h) (or meshM(w, h) —size ofw andh.
e Outputs:
» E;: denoted by, — allocation time,
* E,: denoted bys — simulation time,
» Es: denoted by — system load,
» E4 denoted by — external fragmentation.

3.5.2. Analysis of Results

Using simulation system described in the previoestisn, two experiments were
conducted. Experiment 1 was focused on comparirg dhocation time for the
considered techniques. The impact of more advastedtture of torus topology on
allocation speed was investigated as well. For IAS, IQA and ISBA, mesiM(w, h)
was considered. Similarly, for the BMAT, BLAT, SAdnd SBAT, torusT(w, h) was

considered. The paramet®y was equal: 5x5, 10x8, 10x10, 15x10, 20x20, 30x30,
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40x40, 100x100, 500x500, 600x600, 700x700, 800x800x900 and 1000x1000. In

the experiment 1 for each of tRg

* P, was calculated according to the rule:

if w*h <1000 then
= P, « 1000
else
u Pl —WwW*h

- Py (L<]04*w]) x (L f04*h]),

« Pz 1+ 1000 fng.
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Figure 3-9. Median allocation time in function @fesof grid.
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Experiment 1 was run in such a way that for thet fset of input parametels + Py,
all considered algorithms were investigated. Afteat, the set of input parameters was
changed and again for this new set all the algmstiwere examined, etc. Results of
experiment 1 are presented in Fig. 3-9 and 3-1Cgrevimedian allocation time and
average allocation time, respectively, for eaclo@dtigm are presented. As we can notice,
allocation times for all toruses/meshes smallenth80 x 100are the same for all
considered schemes and they are oscillating ar6{md. In Fig. 3-9, we observe that
more complex structure of algorithms for torus does$ have significant impact on

allocation time. We can notice slight differesckowever, they can be neglected due to
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Figure 3-10. Average allocation time in functionsofe of grid.
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simulation error — experiments were done in thetitagking operating system, that can
cause little measurement errors. Similarly, avemdpeation time presented in Fig. 3-10
also confirms that algorithms for toruses are tm#er.

Comparison between each techniques reveals, thHamas where sorting is
implemented (the IQA and the SAT) have significantiorse allocation time than other
techniques, for toruses/meshes greater then 5@ xBottleneck is the sorting operation
required by the algorithms. The outcomes of the I@& in contradiction to earlier
research [117], [120], where speed of the algorittvais one of the best. During
investigations sever&®(B log:B) sorting techniques were used, including merge
heap sort, but in all cases results were similae dmbiguity in speed among techniques
with sorting appears due to quality of experimeAi§previous experiments, were done
for networks less than 100 x 100 (32 x iB2[117] and 80 x 80 in [120]). In our
experiment, the IQA performed well, also for sizess than 100 x 100 that confirmed
earlier outcomes.

The best results are achieved for the BMAT and SBRgbrithms (torus) and for the
IFF and ISBA schemes (mesh). These techniqueseaydast for any size of torus/mesh.

Experiment 2 investigates the performance of CMPefach considered algorithm.
Experiment 2 also finds what type of topology foME is actually more efficient
(regardless of the used allocation algorithm) ardhtwprocessor allocation algorithm
ensures the best system performance. For IFF, I@8, and ISBA, meshv(w, h) is
considered. Similarly, for BMAT, BLAT, SAT and SBATorusT(w, h) is considered.
For the experiment, three sets of problem parameterdefined:

e Setl: P;: 10000,
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Set 2:

Set 3:

P,:

Ps:
Ps:
Pi:

P,:

Py:

"(1+5)x(1+5),
* (1+10) x (1 +10),
* (1+15)x (1 +15),

* (1 +20) x (1 +20),

:1+1000[mqg,
: 50 x 50,

: 10000,

" (1+10) x(1+10),
= (1+15)x (1+15),
= (1+20)x(1+20),
1 +1000[m4,

75 %75,

10000,

* (1+10) x (1 +10),
* (1+15)x (1 +15),

» (1 +20) x (1 +20),

:1+1000[m4,

100 x 100.
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In experiment 2, for first set for eaéh (four in set 1), all proposed algorithms are
examined. After that, the next set was applied again for eachi, all the algorithms
are examined, etc.

Outcomes of experiment 2 are shown in Fig. 3-113tb6. Regardless of the
allocation technique used, all criteria investigate the experimentR, + E,4) for the
smallest considered systefy(50 x 50) are better for torus topology. This adagetof
torus over the mesh grows together with the sizéhefrequested jobs (the difference
between torus and mesh is most visibleHgarl + 20). For the largest considered system
(P4 100 x 100), the advantage &fary 2-cube topology is evident for large jobs,

however for smaller onesP¢: 1 +15 P,: 1 +10), the advantage of torus is not so
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obvious. System load (Fig. 3-11 and 3-12) &tr consideredP, is higher for torus
topology, when allocations of larger jold%(1 + 2Q 1 + 15) are requested. But in some
instances for smaller job$£ 1 + 10 1 + 5), the system load for mesh topology is
higher. External fragmentation (Fig. 3-13 and 3fb4)P,: 50 x 50 is lower in torus case,
but for P, 75 x 75, 100 x 100 several times the mesh behastsrbSimulation time
(Fig. 3-15 and 3-16) also is better for toruse$iwit 50 x 50, but few results fd?.: 75

x 75, 100 x 100 reveal that allocation and executiorobgjon the torus take longer time

than on the mesh.
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As we could expect, regardless of the used alguritiorus topology achieves better
indices for very busy systems, where larger jolesraguested (larger proportionally to
the size of the system). It is due to higher flditibof processor allocation offered iy
ary 2-cube topology.

From all the proposed processor allocation tectesguthe BMAT algorithm
outperforms the others. It achieves the best iegulilmost all our investigations (Fig. 3-
11 to 3-16). Only folP,: 100 x 100 andP,: 1+10 outputE, (external fragmentation) is
slightly worse for the BMAT — the IFF and the ISBé&hieve better results (Fig. 3-14).
For mesh network, the IFF and the ISBA deserveattention.

3.5.3. Conclusions

The investigations of the allocation time achietgdalgorithms reveal that additional
operations necessary for torus topology do not lamyempact on the allocation speed.

The fastest algorithm for 2D-torus is the BMAT, &iD-mesh it is the IFF.

Examination of CMP performance does not providercknswer to what topology
ensures better results, regardless of used alboctgchnique. 2D-torus topology ensures
better utilization for systems, where allocationlafger jobs is requested. For smaller
jobs, 2D-mesh topology can provide the same effyelike 2D-torus, moreover, in
some cases 2D-mesh can be even better than 2D-torus

Among all the investigated algorithms, the fast BM#&ffers the best results for all
the considered parameters so, torus-based CMP thatHPA driven by the BMAT is
characterized by high system load and low extefrementation. Allocation and
execution of all jobs took the BMAT technique tlbevést time. For mesh-based CMP the

IFF algorithm, which is also one of the fastesfers the best system utilization. The
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outcomes achieved by BMAT and IFF techniques ptheealgorithms based on bit map
on the top of all allocation schemes.

The presented results of allocation performancevghat torus and BMAT algorithm
as clear choice for topology and processor allooagcheme for a PA, in order to achieve
good PEs utilization and performance. If implemgataof a system is limited to mesh

topology, the IFF scheme also remains as a reakosalution.
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CHAPTER 4
CMP WITH INTEGRATED PROCESSOR ALLOCATOR

The growing requirements for higher-speed systemnsefthe system designers to
propose hardware implementation of systems or tt@mmmponents. Technology scaling
causes that the size and the speed of FPGAs (Frelgkammable Gate Array) have been
drastically improving. Even small FPGA systems showch better performance than
microprocessors in  many application areas. Compared software-based
implementations, hardware implementations in FP@A achieve excellent performance.
Hardware implementation of many advanced algorithass been proposed in literature,
e.g. Fast Fourier Transform [92], JPEG compresEi®i], MPEG-4 compression [74],
etc.

As it is described in Chapter 1 of this dissertatithe processor management system
of an Operating System (OS) is responsible for stp a multiuser environment in
which many parallel jobs are executed simultangouslorder to get high performance
and efficiency, two components of the processoragament system, i.e. the PA and the
JS, are proposed to be implemented in hardwarg@lacdd as tile on the same die as PEs
in CMP (Fig. 4-1). Job scheduler receives request places job in queue, which is
controlled in a particular way (e.g. FCFS fashiofie scheduled job is moved to a
processor allocator, which assigns the job to alsbel processors according to one of the
algorithms described in Chapter 3. As decided leyptocessor allocator, processors are
reserved and operands are sent to processorsdesgrthem. After execution, processors
return the results and a “release” message istae¢he allocator, which updates the status

of processors. Operands and results are sent thié@gort, which for simplicity are not
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Figure 4-1. A CMP with integrated a JS and PA.

shown in the Fig. 4-1. All data (control messaggserands and results) are sent by the
implemented NoC. The allocator and the scheduleri@plemented using the same

networking elements (R) like PEs and thereforeussthe same for communication.

4.1. Architecture of PA

A NoC is designed in such a way so as to provide latency and high data
throughput. Such a well performing NoC consumegp spiace, resources, energy, power
and heat. Thus even with the positive prospectrarisistors scaling in CMP design
process, we have to deal with on-chip resourcézatibn. The idea of integrating PA
onto CMP makes it imperative to design the architeccarefully and optimally.

Internal architecture of a PA may vary with the iempented algorithm that leads also
to different 1/0O structures. The I/O organizatiam tlesigns with busy array is presented
in the Fig. 4-2a while for busy list in the Fig2%- In both cases, signattk andack are

the same. Thelk is the clock signal (the JS is triggered by thmeaignal), theckis 2-
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(a) Busy array (b) Busy list

Figure 4-2. PA structure for list and busy arrapliementations.

bit output signal that is an acknowledgement infagrthe JS about the status of given
job. Theackcan have two meanings:
1. Job is allocated, values “00” or “11”,

2. Jobis not allocated, value “01” or “10".

The width is set at 2 bits allowing possible futesgensions. Input and output signals
J have the same width and structure, but they didfiégrending on the technique used.

In the case of bit map, to allocate a job we neeldatve its width and height and for
deallocation we additionally need the coordinatieth® base. Each job also needs to have
its ID in order to be recognized by OS:

J — “<job_number<x,><y,><p><qg>"

Width of gob_number depends on OS whilexs>, <y,>, <p> and <g> depend on

size of mesh/torusy and h. For requested job, OS sends on the husignal, where

<job_numbe® is next job number, x> and ¥,> are empty (have value -1)pxand
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<g> are size of the job. If the job is not allocat&l,” signal is sent on thackand signal
Jo is empty (or ignored). In case of allocatiask becomes “00” ando signal is sent to
OS, where: fob_numbe¥r is the number fronds, <x,> and <> are coordinates of the
base found by the PA,p= and <> are size of the job. If a job is executed and
deallocation is requested, signal is asserted with values assigned as inake oflo.

In list schemes, for the purpose of allocation,als® need the width and height of a
job and for deallocation we need only its positbonthe busy list:

J — “<job_number<p><g><positior>"

Signals fob_number, <p>, <g> are defined like earlier, widthpesitior> depends
on the length of the busy list i.e., on the humitfgprocessors and therefore, itwsx h.
For allocation, OS asses similar to the busy array case, byositior» is empty (have
value -1). In the case of success (allocatiexk becomes “00” ando signal is sent to
OS, where: job_number is the number from th&, <p> and <> are then coordinates
of the base found by the PApssitior> is the position of the job on the busy list. If
deallocation is requireghossignal is asserted with the value of job locatioithe busy

list.

4.2. PA’s Memory Structure and Logic Utilization gests

4.2.1. Memory Structure on the Chip

The algorithms with busy array (IFF and BMAT) mainttwo busy arrays:
1. Mesh/torus bit map — with allocation status forleaode,
2. Coverage bit map — created for each incoming jabiaforming which node can be

the base for the task.
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Array size depends on the size of mesh/torus,ithasv x h. Because it is a bit map,
the size of each cell is bif], so, finally the size of required memory isx2v x h x 1
[bitg].

Schemes based on busy lists (IAS, IQA, ISBA, BLARAT and SBAT) need two
lists:

1. Busy list — list with coordinates of busy subgrids,
2. Coverage list — created for each requested job tbatains the coordinates of

coverages.

Assuming that in the worst case each node hostsseparate job implies separate
busy subgrid for each node, thus the length of laumslycoverage list i& x h.

It is important to note that the list contains aboates. The size of each coordinate
depends on horizontal and vertical size of mesigtar and h respectively. To code
addresses of nodes using natural binary codgedm bits are needed fav andh sizes
respectively, where:"2> w-1 and 2'> h-1. As an example, a mesh with= 12 andh =
8 is considered. In this case, addresses of nogtesebn <0, 0> and <11, 7> have to be
stored in a memory. Using natural binary cade; 4 andm = 3 bits are needed to store
one horizontal and vertical coordinate respectively

List structure itself becomes a sensitive factorthle Fig. 4-3 two list structures are
shown. In case (a), beside subgrid coordinate$, el@ment includes pointers to previous
and next element. Such a solution ensures vergteffememory utilization from data
structure point of view. Also scanning of the Istimited only to valid memory entries —

cells without busy submesh are not read. Sizedf eall in this case consists of:
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prev| elemen | next — 1| elemen
R
prev empty next 0 empty
——
— prev| elemen | next — 1| elemen
R
——
— prev | elemen | next 1| elemen
I
(a) Standard list (b) Bit list

Figure 4-3. 3-element list structures: standardaingl list with validation bit position.

1. n + mbits for both pointerprevandnext

2. n+ mbits for lower left and upper right corner of subg

Size of the whole busy list i8 X h times each entry. As two lists are required fer th
algorithms, we have: 2 wx h x (4 x n+ m) [bitg]. Case (b) in Fig. 4-3 presents memory
minimized structure, where a validation bit is asated with each element of the list. If
element includes busy subgrid, the bit is set t®, evhile for empty entries, the bit is set
to zero. In this case each memory cell has to barsd, but only one bit is checked in
order to get information about validation of themmey cell. Size of each cell contains
one validation bit anch + m bits for lower left and upper right corner of suldgthus for
two busy lists we have2 xwx hx (1 + 2x n+ m) [bits].

In Fig. 4-4, size of memory as a function of mest$ size for the three discussed
solutions is plotted. Solution with bit map outmers the remaining approaches in terms

of memory usage. Also as we could expect thatisheiinplemented with validation bit
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Figure 4-4. Size of memory using in the system thasesize of mesh/torus.

takes less space than the standard list. In akkdnhsidered cases the difference becomes
more significant with increasing size of mesh/torus

4.2.2. Analysis of Algorithms in Terms of Logic lization

The solutions with busy array are based on scanaingit map, cell by cell.
According to the content of a cell (few conditioase used), the technique updates a
coverage array, which is also a bit map. As eadlhhes a bit size, there is not a lot of
logic involved in scanning/updating. Also thereaisnost no arithmetic operation, thus
the busy array solutions are not heavy logic comsurt is necessary to differentiate
between solutions for mesh (IFF) and torus (BMAINHe BMAT is more advanced, thus

it is expected to involve more logic.
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The situation with busy list structure is more cdexp Two lists (busy and coverage)
are involved, they are scanned, compared and sgatiractions are performed on the
elements of the lists, which is logic consumingnarison and condition operations are
executed for wider memory cells, which automaticaléads to additional logic
overheads. Moreover, the solutions for a torus agwontain more complex sections,
e.g., creatingC; or checking intersections. For IQA and SAT schensmting of
elements are also required. So, in this case alkbwcaoperation is very difficult.
Deallocation is reduced to removing the elemennflsy list, which is very fast in the
case of bit list, but for the standard list we né®deassign pointers of previous and next
element, what is not so complex.

Preliminary analysis indicates a cause of concboutpossible synthesis problems

in list based techniques, especially for torus logies.

4.3. Synthesis of PA

4.3.1. Overview

The PA structure along with all the presented allgors including the IFF, IAS, IQA,
ISBA, BMAT, BLAT, SAT and SBAT have been implemedt®m VHDL and simulated
using Active-HDL tool by Aldec Inc. After performgn logic level simulation for
correctness verification, the PA was synthesizéagualtera’s Quartus Il software.

Synthesis of the PA was done for the device EP3GEI80C2 from Stratix Il
family [3], [4]. The Logic Array Block of the EP3350 is composed of 56800 basic
building blocks known as Adaptive Logic Modules (k) that consist of combinational
logic, two registers, and two adders. The combamai portion has eight inputs and

includes a Look-Up Table (LUT) that can be divideetween two Adaptive LUTs
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(ALUTs). The EP3SL150F780C2 has 113600 ALUTs argisters, and 488 pins. An
entire ALM is needed to implement an arbitrary punhfunction, but because it has eight
inputs to the combinational logic block, one ALMncienplement various combinations
of two functions. Internal clock speed of EP3SL1%50p to 600 MHz.

IFF and BMAT algorithms are synthesizable smootng synthesis is possible even
for large instances, especially for the IFF techaigvhere the synthesis result shows that
there is still a lot of spare capacity in the devW(EP3SL150). For the other algorithms
that are busy-list based, only the IAS and BLATesnks were synthesizable. Moreover,
synthesis of these techniques was possible onlyhirit list approach, while for the
standard list synthesis of the algorithms was nhtewvable.

For the IQA, ISBA, SAT and SBAT algorithms, syntisefor both, the standard and
bit list ended with an error. In the case of IQAda®AT, the bottleneck is in sorting
operation. In order to preser@hB) time complexity, sorting algorithms need to have
O(B logB). Due to very difficult synthesis of recursive @lilons [45], instead of using
the merge sort algorithm, the heap sort techni§@¢ that is not so recursive was tested,
but even in this case synthesis was not possilile.ISBA and SBAT algorithms have
implemented two lists and stack. All these strueduaire used intensively by many scans,
subtractions and updates, which in conjunction i necessity of using long signals
among these structures, make the technique ndiesintible.

4.3.2. Synthesis Results

The synthesis of the IFF, IAS, BMAT and BLAT algbms has been successfully
performed. The synthesizable instances for IAS, BMAd BLAT are limited to size 8 x

8 (64 PEs), 16 x 10 (160 PEs) and 8 x 7 (56 PEspectively. For larger systems, the
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PA driven by these techniques are not synthesizdble IFF is fully synthesizable. The
instances considered in this work are between 2(4 REs) and 20 x 20 (400 PEs).
However, the IFF is very well scalable and addaicexperiments for greater meshes can
be performed.

In Fig. 4-5 and 4-6, the maximum frequency for B¥& based on IFF, IAS, BMAT
and BLAT designs is shown. Detailed results areedisn Table 4-1 as well. The plots
display results at conditions, where voltage isQLf@V] and temperatures are 8&[
and 0 [C] in Fig. 4-5and 4-6, respectively. As we can see, for smatlstainces, the
maximum frequencynax for the PA with the IFF algorithm is more than ifdimes
higher than for PA with other schemes. IFF is tiwwoes faster for the size 8 x 8. For

grids greater than 8 x 8,.x0f the IFF decreases to reach the last syntlebgisgance
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Figure 4-5. Maximum frequendy.x at voltage 1100mV] and temperature 85(].
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Figure 4-6. Maximum frequendyax at voltage 1100m\] and temperature OC].

(20 x 20) 1.55 MHz, while other techniques are moplementable. Also, for all
considered cases, the advantage of the scheme®{oresh topology can be noticed —
achievable frequencies are higher. As far as dlyos are concerned, the algorithms
with busy array achieved better outcomes. The Ryedrby BMAT technique for 2D-
torus achieved almost the same results like thefth@D-mesh.

Figures 4-7, 4-8 and 4-9 show percentage of logte gtilization on the chip, number
of combinational ALUTs and number of dedicated stggs used, respectively. These
parameters (also in Table 4-2) have tremendousdthgathe design — they have direct
impact on energy, power and area consumption byP#yeand also the whole CMP.

From the plots we can see huge advantage of thedkeme over the rest. Similarly, the
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Table 4-1. Maximum frequencies of a PA in the EPB=I1F780C2 device.

Scheme IFF IAS BMAT BLAT
Temperatur 85FC] | 0[°C] | 85FC] | o[°c] | 85FC] | o[°c] | 85[FC] | 0[C]
fmax fmax fmax fmax fmax fmax fmax fmax

Size of Grid] [MHZ] [MHZ] [MHZ] [MHZ] [MHZ] [MHZ] [MHZ] [MHZ]
2x2 214.09| 233.8] 51.89 56.2f4 60.09 65p6 31}43 33.99
3x2 204.96| 223.11| 34.02 | 36.78 | 35.05 | 38.16 | 21.83 | 23.69
4x2 179.5 | 196.0§ 22.79 24.68 27.01 294 15,83 17415
3x3 122.87| 134.59| 26.78 | 28.97 | 19.09 | 20.72 | 125 | 13.55
4x3 110.96| 120.83 19.75 21.3 1549 16.83 9.2 9.p4
4x4 67.42 | 7352 ] 16.96 | 18.33 | 9.99 | 10.85 6.8 7.36
5x4 59.05 | 64.25] 12.76 13.83 7.93 8.4 4.72 501
5x5 41.01 | 44.71 | 12.62 | 13.63 | 5.77 6.25 3.31 3.57
6x5 37.04 | 40.26 9.48 10.2] 4.68 5.0 3.1 3.36
6x6 2535 | 27.6 8.66 9.34 3.67 3.97 2.29 2.48
7x6 23.12 | 25.15 7.07 7.65 3.14 3.4 1.74 1.88
8x6 18.75 | 20.39 | 6.33 6.86 2.71 2.93 1.48 1.6

8x7 16.39 | 17.81 6.1 6.5 2.18 2.3% 1.3 1.4
8x8 13.65 | 14.84 | 5.97 6.44 1.88 2.04 — —
10x8 10.32 11.2 - - 1.45 1.57 - -
10%9 8.96 9.73 — - 1.39 1.5 — —
10x10 6.79 7.38 - - 1.1 1.19 - -
15x10 457 4.96 — — 0.81 0.88 — —
16x10 4.32 4.69 - - 0.75 0.81] - -

20x10 3.4 3.69 — — = = — —
20x15 1.99 2.16 - - — - — —
20x20 1.43 1.55 — - = = = —

advantage of busy array techniques over the baswlijorithms can be noticed as well.
For 8 x 7 grid, logic utilization for IAS and B is 71% and 96%, respectively, while
for the same instance the IFF and BMAT use only &% 19%, respectively. For
combinational ALUTs, advantage of the IFF can bseobed as well: for the 8 x 7 grid,
IAS, BLAT and BMAT require 57174, 83516 and 1893UA's, respectively, while IFF

uses 1610. In the case of dedicated registershé8 x 7 instance, IAS and BLAT need
3570 and 3602 registers, respectively, whilst IRE BMAT employ only 135 registers

each.
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Figure 4-9. Number of dedicated registers used.

4.3.3. Enerqgy Estimation

Since Stratix Ill is the target device, we needléal with Stratix-specific features in

power estimation. Altera provides a PowerPlay E&dgimator [2] that is based on a

spreadsheet. The tool allows users to specify bBimigcactivities,fa, Usages of various

components and other related information to esentia¢ total power of Altera’'s FPGA

in early design stages. Because, as in the Ch&xerwe would like to get energy

estimation for a PA, the average power dissipaldrom spreadsheet is converted into

energy consumed in a cydig [16], according to the formula:

_p 1 i
E =P——In] (4-1)

max

, WhereFnaxis the average maximum frequencyfgfiat O PC] and 85 fC] in [MHZ].
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Table 4-2. Results of the PA synthesis for the HR38F780C2 device.

Schemg IFF IAS BMAT BLAT
Pins 163 125 163 125
e |uin o | AT | Teeg. Luth 1o | AT | Teeg. Luthog | AT | Teeq uth 1og | AT | Treq.
2%2 0.5 339| 78 1 1490 34f 0.5 459 19 3 2756 B51
3x2 0.5 | 383 | 81 2 2432| 465| 0.5 | 882 | 82 4 4188 | 475
4x2 0.5 391| 83 3 3166 58p 1 1177 44 @ 5644 $94
3x3 0.5 | 443 | 85 4 3788 | 664 2 1585| 86 6 6466 | 664
4%3 0.5 475| 88 6 5236 83p 2 2126 {9 9 9259 844
4x4 0.5 | 615 | 93 9 8094 |1085] 3 3331| 93 13 [12905 1085
5x4 0.5 682 | 98 12 | 11108333 4 4544| 98 19| 180724347
5x5 0.5 | 818 | 103| 18 |15898 1679] 6 6235| 104| 28 |261351679
6x5 0.5 874 | 108 23| 20359973| 8 8074| 109 36 | 32998989
6%6 1 1151 | 115| 32 |26993 2362 11 |10778 115| 48 |42735 2362
7x6 1 1288 121 42 | 35132707 13 |12969 121 62 | 550182734
8x6 1 1366 | 127 | 53 |440253072] 14 |14881 127| 76 |67112 3106
8x7 2 1610| 135 71| 57178570 19 |18934 135 96 | 835163602
8x8 2 1994 | 143 | 86 [68292 4034 26 |26281 143 — — —
10x8 2 2383| 160 — - - 40| 385p2460 - - -
10x9 3 2726 | 170 — - - 43 42592 171 - — —
10x10 3 3169| 181 — - - 48| 4783181 — — —
15%10 5 4858 | 231 — — — 87 |88710 231 — — —
16x10 5 5176| 241 - - - 95| 979041 - - -
20%10 7 6376 | 282 — — — — — — — — —
20x151 10 |10017 382 - - - - - - - - -
20x20| 15 (14396 483 — — — — — — — — —

The final values are presented in Table 4-3. Snhyilake earlier outcomes, the

results show the significant advantage of busyyateahniques, especially mesh-based

IFF technique. The busy list schemes use betweenatvd five times more energy in

comparison to bit map solutions, that makes PAsedriby the IAS and BLAT not

efficient. The amount of logic and dedicated reggstused by these algorithms has huge

impact on the maximum frequency and energy consompt
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Table 4-3. PoweP and energy consumed in a cyElefor proposed the PAs.

Schemse

|FF

IAS

BM

AT

BLAT

Size of
Grid:

P W]

Ec [nJ]

PIW] | Ec[J]

P W]

Ec[J]

P W]

Ec[J]

2%2

0.6116134

2.7310279

0.610908411.299514

0.6116134

9.7351947%

0.6114341

18,692574

3x2

0.611482]

2.856925¢

0.6113026 17.26843¢

0.6118108§

16.713859

0.612025§

26,890417

4x2

0.6116134

3.2569014

0.6115654 25.766404

0.6119423

21.696234

0.6126175

37,150844

3x3

0.611613q

4.751135

0.6118284 21.94900¢

0.612073§

30.74975

0.6129462

47,059217

4x3

0.6116134

5.277308

0.612420229.837771

0.6123367

37.892125

0.6140641

64,165524

Ax4

0.6116793

8.6799964

0.613603§ 34.774931

0.612796¢

58.809681

0.6155766

86,945854

5x4

0.611745]

9.9228723

0.6148537 46.24695]

0.6133229

74.207244

0.6176815

125,80074

5x5

0.611810§

14.274634

0.6168264 46.996299

0.6139804

102.1598

0.6210373

180,53404

6x5

0.6118108§

15.829517

0.6186684 62.777108

0.6147695

126.10651

0.6238674

193,1478]

6x6

0.6119423

23.11396§

0.6213663 69.040709

0.6158875

161.22704

0.6278843

263,26381

7x6

0.612008

25.35769

8.6247235 84.88091

0.616808

3188.6263

0.6328913

349,66373

8x6

0.612008

31.27276¢4

0.6284113 95.286014

0.617597¢

219.00625

0.6379017

414,22157

8x7

0.6121395

35.797632

0.633814| 100.6054

|

0.61924

P373.3961 1

0.6446295

477,50334

8x8

0.612271

42.9814671

0.6383624 102.8787§

0.6222693

317.4843¢

10x8

0.6124025

56.91472§

0.627272§

415.41245

10x9

0.6125997

65.55374

0.6289857

435.2838¢

10x10

0.6127317

86.482874

0.6310937

551.173071

15x10

0.6134544

128.74174

0.6479754

766.8348]

16x10

0.6135859

136.20104

0.651738§

835.5625¢

20x10

0.6140467

173.21474

20x15

0.6155587

296.65479

20x20

0.6173345

414.31841

The PA synthesis results confirm flexibility andvadtages of bit map based
solutions, while list based schemes turn out tdhdelly synthesizable. From among all
the considered list solutions, we have implemepotdg the IAS and BLAT, but it is only
for limited instances — the largest synthesizedhniesthe IAS was 8 x 8, for the BLAT

the largest tours was 8 x 7. The IFF algorithm giree of PA outperforms the IAS,

4.4. Conclusions

BLAT and BMAT in every investigated aspect i.e. nmaxm frequency, logic utilization

and energy consumption. However, the differencevéen IFF and BMAT is not so

significant like in the other cases, which confirthe advantage of busy array solutions.
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IAS and BLAT, as techniques for PA are slow andstone huge amount of energy and
area.

The presented outcomes show, that for CMPs witbgiatted PA, only the bit map
techniques, i.e. IFF and BMAT, give reasonable tsmhs. The other solutions
characterize unfeasible synthesis (all list sohgiaithout IAS and BLAT) or poor
performance and huge resource exploitation (the 4A8 BLAT). The mesh-based PA
driven by the IFF scheme performs well and as dlssomponent of the CMP is area
and energy efficient. For torus-based solutiondy @MAT remains as an acceptable

technique.
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CHAPTER 5
CMP — EXPERIMENTATION SYSTEM
The goal of creating an experimentation systemGMP is to examine the NoC-
based CMP with an integrated PA. The structuréhefdystem allows testing of the PA
driven by all processor allocation techniques dbedrin this work (Chapter 3). In the
testing environment, the PA can be connected willeronodes by the NoC, which was
analyzed in the Chapter 2. The testing environmpeonides the possibility to test many
NoC configurations. The experimentation systemhigracterized by its modular design
that allows complex input-output tests for subsysteThe concept of the system, its
design and implementation is done in such a waydke the experimental environment

as close as possible to the real CMP.

5.1. Structure of the System

A physical structure of the experimentation systefmased on the concept presented
in Fig. 4-1. The logical modules of the system aridrmation flow are presented in Fig.
5-1. We can distinguish the following modules:
 Parameters — contains global parameters, common for three utesd Data

Generator, PA and NoC-based CMP. The global paemate:

» Pgs1: denoted by — horizontal size of the mesh/torus,

» Pg2 denoted by — vertical size of the mesh/torus,

» Pgs defines, which topology is evaluated. Two top@dsgare supported: 2D-

mesh and 2D-torus.
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Data

Generator

Jobs

Queue Ja
with
Jobs

7

Ja - job to allocation

Jo - job to deallocation

Results 1 — the allocation algorithms quality criteria arellected in the module

PA

Results 1

Parameters
Ja + base
NoC-based
<J:| CMP
D

Figure 5-1. The logical organization of the expenmation system.

Results 1. The evaluated criteria are present&hapter 3.5.1, and they are:

= E;: denoted by, — time of allocation,

» E,: denoted bys — simulation time,

» Ez: denoted by — system load,

» E4 denoted by, — external fragmentation.

Results 2 — in this module, NoC utilization is recorded. Tdssumed NoC utilization

criteria are:
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Es: denoted byRyc«, y> — VC count, defined for virtual channels for eachter in

a network, wherex; y> is a network address of the router. Rie«y, y- contains
information, how many packets are transmitted thhoWCs in the routerx; y>,
e.g. if twenty packets are transmitted throughepoutith address <3, 3> using its
VCs, theRyc<s, 3> IS equal 20,

Ees: denoted byRevc«, y> — EVC count, defined for express virtual chanrfets
each router in a network, where,<> is a network address of the router. The
Revc<x, y> contains information, how many packets are trattechithrough EVCs
in the router x, y>,

E7: denoted by, - total VC count, contains VC count value for alliters in the

network, and it is defined as:

TR/c:_

i=w-1j=h-1

Ricai> (5-1)

i=0

o

Es: denoted by, - total EVC count, contains EVC count value forraliters in

the network, and it is defined as:

i=w-1 j=h-1
TREVC = Zo: Zo REVC<i,j> (5-2)
i=0 j=

Data Generator — based on globaPg; andPg,) and local parameters, it generates
the queue of tasks to allocate for the consider®tP CThe logical structure of the
Data Generator module is described by the reld@@ionR (P)and is presented in Fig.

5-2. The elements of the sub-system are:

Problem parameters:
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Pc1 Pe2 Pu1 P2 Pz Pra

Data
Generator

O]

Figure 5-2. Block-diagram of the Data Generator ud@@s input-output system.

0 Pg1, Ps2: global parameters,

0 Py1: local parameter — number of jobs created by gdoer

0 P2 local parameter — maximum horizongaland verticalq size of the
generated job(p, 0,

0 P.3: local parameter — maximum execution time forJjob PEs,

0 Py4 local parameter — type of distribution, an eletnehthe set {normal,
uniform}.

= OQutputOs: queue of jobs. Each job is characterized by:namber, horizontal

and vertical size and required execution time.

The generator can produce normally and uniformbtridiuted pseudo-random
numbers. For the size of a jd{p, g and the execution time of the job, generated
numbers are between 1 and local paramd®ersand P 3, respectively. The job
number is assigned according to the job positiorthe queue (first job has

number 1, second 2, etc.).
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*  Queue with Jobs — is the result of Data Generator module. The guefujobs is
generated once before experiment. The jobs inuke&are ordered in FCFS fashion

and are passed on to the PA module as such.

* PA — processor allocator. The physical structurehefRA is presented in Chapter 4.
The PA determines the base for a job supplied kbyQoeue module. The logical
structure of the PA module is described by theti@a(O, E) = R (A, P)and

presented in Fig. 5-3. The elements of the subesystre:

Pc1 Pe2 Pas Pis Ps

Ay
A

PA

O

Ei E2 B3 E4

Figure 5-3. Block-diagram of the PA module as irputput system.

= |nputs:
0 As: job to allocate, supplied by the module Queues jbv is characterized by:
job number, horizontal and vertical size and resgligxecution time,
0 Ay job to deallocate, supplied by the module NoCebda€MP. The job is

characterized by its size and a base (bit map cagel number (busy list).
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» Problem parameters:

0 Pc1, Ps2, Pes: global parameters,

0 Pys: local parameter — processor allocation algoritbsed in order to
determine a base, an element of the set {IFF, IKB)\, ISBA, BMAT,
BLAT, SAT, SBAT},

0 Pys: local parameter — address, s> of the PA in the network. A node with
address of the PA can not be a PE for jobs.

=  Qutputs:

o0 Oy job to allocate with a base determined by the Ei#gracterized by job

number, size and execution time,

o0 Ei, B, Ej, E4: evaluation criteria described in the Results Hule.

NoC-based CMP — is the module simulating the NoC of the CMP. Tigsical

structure was discussed in Chapter 2. The logicattsire of the NoC-based CMP

module is described by the relatidd, (E) = R (A, P)and presented in Fig. 5-4. The
elements of the sub-system are:

*= Input As: is a job with a base. Based on thg the module is able to determine,
which PEs can be reserved for the job. Reservaiaione by sending allocation
packets from the PA to each processor requirethéyob,

» Problem parameters:

0 Pgi, Pg2, Pes: global parameters,
o P.7: local parameter — a flow control implementedha hetwork and number

of nodes that can be virtually bypassed using E\Fos.virtual-channel flow
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control, P 7 is set to O (zero nodes can be bypassed). Valugteg than 0
mean that considered flow control is an expresswichannel with number

of bypassed nodes specified by the parameter.

Pc1 Pe2 Pes Pz Pis PLo

NoC-based
CMP

O3

Es Es E; Es

Figure 5-4. Block-diagram of the NoC-based CMP nie@@s input-output system.

0 P.g local parameter — a routing algorithm that deteg®s the route of the
packet, being an element of the set {DOR, Vali@®R-LB, Valiant-LB,
Adaptive},

0 P.g local parameter — indicates an allowed numbemdaroutes (misroute
value). The parameter is valid only in case, whePtg is set to “Adaptive”.

=  Qutputs:
o Os: job to deallocate with its size and the base,

0 Es, Eg, E7, Es: NOC utilization criteria described in the Resdtsodule.
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5.2. Implementation of the System and Simulatiorinddology

All modules of the experimentation, except the Daemerator were developed in C.
The Data Generator module was written in MatLabe gknerator returns the queue of
jobs as a text file. The queue is processed iméxt step by the PA module. The results
generated by the PA and NoC-based CMP modules d@he iform of text and excel files,
to make further data analysis easier.

The PA takes jobs from the Queue, job after job taied to find free PEs in order to
allocate the job. If such free PEs exist, the Piesatlocated for the job (the job is sent
together with a base to the NoC-based modulehelfetis no free PEs, the PA waits until
another job will release some PEs — jobs are pseces FCFS fashion. In order to find
free PEs for a job, the PA module uses one of tlezadion schemes, presented in
Chapter 3 of this work. Thus, all mentioned prooesdlocation algorithms can be tested.

If there is enough free PEs for a job, the PEshmaallocated. An allocation process
is done by the NoC-based CMP module. In orderltxale PEs, the allocation message
has to be sent from a PA to each PE assigneddb.dtjis assumed, that this message
takes one flit, e.g. if job requires 6 process6rfits have to be sent from a PA to all PEs
assigned to the job. Similarly, if a job is donelemllocation message (that takes also one
flit) has to be sent from each involved PE to tie Phus, the PA is updated and the just-
released PEs can accommodate another job. In igsserthtion the goal is to analyze a
PA and traffic generated by that PA, so, only atam and deallocation messages are
considered. In a real system, a lot of differentkeés are sent among nodes, e.g. just
after allocation, messages with commands and ogeragve to be sent to all the relevant

PEs. Similarly while processing, the PEs can exghaontrol messages and data among
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themselves. When processing is done, result mes$eye to be sent as well. However,
in this experimentation system, all messages othan allocation and deallocation
message are passed over.

The messages are sent using NoC. In the descrijmtimentation system, NoCs
with the following parameters can be evaluated:
» Topologiesk-ary 2-mesh an#-ary 2-cube,
* Flow controls: virtual-channel and express-virtaagnnel,

* Routing algorithms: DOR, Valiant, DOR-LB, ValianBLand Adaptive.

As it was mentioned at the beginning of this chgptee module responsible for NoC
was written in C language, which is sequentialpibvided higher implementation
flexibility over concurrent languages (like e.g.s8mC) without decreasing the quality
of this dissertation. Many NoCs have already beeplemented [11], [15], [48], [59],
[61], [77], [111], [114], and all performance anchpglementation aspects have been
described. Thus in this experimentation systemeiaet analysis of the NoC parameters,
like performance of routing algorithms, analysisdefadlock and livelock occurrences,
timing issues, etc., are not included. Instead amusing on parameters of NoC, the
evaluation system performs detailed analysis oPtAeFor the analysis of the PA and its
impact on the NoC, the sequential simulation isvement and adequate. The chosen
implementation had an impact on implemented routihgprithms, where deadlock
situation could not occur. The DOR, Valiant, DOR-L&d Valiant-LB routing
techniques have been designed as described in €2h3@.3. They are oblivious

techniques, thus the livelock can not occur as.wille Adaptive routing technique
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employed in the system uses historical data of oktwesource usage in order to route
the packet. A physical channel that is used nobfsen has a priority over the channel
used very intensively. As in earlier mentioned teghes, the deadlock situation in the
Adaptive algorithm case can not occur. However, ltheock situation is possible. In
order to avoid livelocks, the misroute value (whicéin be defined in the simulation
system) is implemented.

The presented experimentation system allows exadyzing of PA behavior, based
on all algorithms presented in this work. Additibpafor the presented NoC solutions,
investigation of the traffic generated by PA isoafsossible. Together with the energy
model proposed in Chapter 2.4, an energy consumpfighe traffic can be determined
as well. The synthesis results presented in Chdp8eprovides the energy utilization by
the PA based on IFF, IAS, BMAT and BLAT algorithmasd for these algorithms
complete energy analysis of the processor allocafito the NoC-based CMP can be

performed.

5.3. Analysis of Results
The CMP simulator was run on the on Intel Pentiumathine (2 x 3GHz processor)
with 2 GB of RAM. Due to energy and performancelgsia presented in Chapters 3.5
and 4.3, the final experiments were performed flmcation techniques based on a bit
map, i.e. the IFF and BMAT algorithms. The restatibcation schemes were omitted
because of their worse characteristics in compatisdhe busy array solutions.
For the IFF algorithm, the free PEs allocated jobaare always adjacent like in the

mesh topology. However, such adjacent PEs cancal®municate among each other and
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the PA using the torus topology. Thus, for the PAveh by the IFF algorithm, we

consider two cases:

* |FF-mesh — where PEs adjacent like in the mesh aamuate between each other
using mesh-based NoC,

* |IFF-torus — where PEs adjacent like in the meshnsonicate between each other

using torus-based NoC.

The BMAT technique finds free PEs for the requesigdl based on the torus
topology, thus the neighboring PEs allocated tmla ¢gan be adjacent by using the
wraparound channels. In order to exchange messtyge$Es could use a mesh-based
NoC. However, in such case we could destroy localitthe PEs allocated to one job.
Additionally, jobs allocated to PEs using wrapamwhannels would not be contiguous,
if a mesh-based NoC would be used. In this dissentathe contiguous allocation
strategies are considered, thus for the PA basedeoBMAT strategy, we consider only
a torus-based NoCs as the communication medium.

5.3.1. Experiment 1: Misroute Value Estimation Aataptive Routing

In the employed Adaptive routing algorithm, the roige value is used to avoid the
possibility of livelocks occurring. In experiment the Adaptive routing algorithm is
tuned by adjusting the misroute value, in orderetsure best energy-performance
parameters. In experiment 1, four queues of jobgganerated using the Data Generator
module with problem parameters:

* Pgiforqueue l, 2, 3 and 4: 10, 15, 20 and 30 res@dget

* Pgzforqueue 1, 2, 3 and 4: 10, 10, 20 and 30 resadgt
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4 PL]_: 1000,
« P [04*w] and[04* h],
e P.3: 500,

* P4 normal.

For each generated queue (according to global paessPs; and Pgy), the PA
driven by the IFF and BMAT algorithms is employé&ar PA configured like this, the
Adaptive routing algorithm for several values oé tinisroute parameter is tested. During
experiment, the PA and NoC-based CMP modules argewed with parameters:

* Pgiforqueue 1, 2, 3 and 4: 10, 15, 20 and 30 resadgt
* Pgoforqueue 1, 2, 3 and 4: 10, 10, 20 and 30 res@dget
*  Pg3 {2D-mesh, 2D-torus},

* P {IFF, BMAT},

* P <0, 0>,

« P20,

* P.g: Adaptive,

° P|_9: {2, 3, 4, 5}

The results of experiment 1 are presented in Figyt®5-7 (for 10 x 10 grids) and in
Table 5-1. In the figures, the VC couR{c<y, y- of each router for the considered
algorithms is shown. Table 5-1 contains the totargy consumed by network for all
NoCs and allocation algorithms implemented in thg@eeimentation system, as a

function of the misroute value. As we can see ia figures, the traffic was better
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balanced for torus-based NoCs (BMAT and IFF-torases — Fig. 5-5 and 5-7). The

balancing of traffic has significant impact on tiiermal aspects of chip utilization. If

traffic has a good balance, routers used aradmeross the whole chip. In such case, it
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Figure 55. VC count of each router in the network for thdT algorithm, based o

the misroute value.

is much easier to deal with heat dissipation timatné case, where there is weaker traffic

balance (Fig. 5-6).
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Beside thermal aspects, total energy consumptioalss important. NoC energy

gathered in Table 5-1 is calculated according tantdas 2-7 and 2-8, presented in

Chapter 2.3. During calculations it was assumed tina width of one flit is 32 bits,

which is the most popular width used inessh [102]. As we can see, the largest
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amount of energy was consumed in mesh-based Na&C lcask of wraparound channels

in mesh topology makes longer routes that incredisesnumber of routers used in

transmission together with the amount of energyled¢o send a message.

Choosing the misroute value is a trade-off betwketter traffic balance and total

energy consumption. The results presented in theds confirmed that in all cases, the

best traffic balance is achieved with a ouse value of 5 (the highest value in

UNod DA

Misroute: 4

unod DA

Figure 5-7. VC count of each router in the netwiorkhe IFF-torus case, based on the

misroute value.
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experiment). However, such a configuration consumheslargest amount of energy.

Thus, for adaptive routing algorithms for NoC-basgdPs with integrated a PA, the

misroute value should be chosen as high as podsibieeet the available energy budget

together with network delay and latency constrains.

Table 5-1. Energy used by NoC based on the Adapbiweng as a function of allocation
algorithm, misroute value, and size of Mesh/Torus.

NoC Energy [uJ]
Size of Mesh/Torus
Algorithm| NoC Misroute 10 x 10 15 x 10 20 x 20 30 x 39
2 8.601366 14.316079 49.622252 149.724079
IFF Mesh 3 9.657647 16.014383| 54.284751|159.848927
4 10.726626 17.476988 58.204341 167.524595
5 11.716146 19.07629 | 62.676972|177.024614
2 6.568052 10.79268% 35.011799 99.754%44
IFF Torus 3 7.579369 12.311376| 39.424877| 108.87455
4 8.55293 13.87751| 43.825332 119.112197
5 9.503572 15.352688| 48.090045|127.697836¢
2 6.53085 10.633746 34.561501 97.882933
BMAT Torus 3 7.525448 12.156534| 38.940477|107.983254
4 8.53599 13.732688 43.321335 116.586198
5 9.426732 15.184061| 47.902486|125.530492

5.3.2. Experiment 2: Routing Algorithms Comparison

The experimentation system presented in Chapterabolvs comparison of five

routing algorithms: DOR, Valiant, DOR-LB, ValianBLand Adaptive. The objective of

experiment 2 is to evaluate the routing techniqgaesl determine, which routing

technigue and what PA used in the CMP provide tlest bkenergy-performance

characteristic. In experiment 2, the job queue fiexperiment 1 is adopted, where the

Data Generator module is configured as follows:

119



* Pg1 10,

Pz 10,

* P 1000,

« P [04*w] and 04*h],
* P 500,

* P4 normal.

Jobs from the queue are allocated by the PA cordtywith IFF and BMAT
algorithms. The jobs are allocated to PEs using No@n by one of the five presented
routings. NoC is tested for all described routirgsr each routine, the same job queue is

applied. In experiment 2, the PA and NoC-based Ciédules are configured as

follows:
e Pgq: 10,
A P(_;zi 10,

*  Pgs {2D-mesh, 2D-torus},

* Pus: {IFF, BMAT},

* P <0, 0>,

« P20,

* P.g {DOR, Valiant, DOR-LB, Valiant-LB, Adaptive},

L P|_9: {1, 2, 3, 4}

The obtained energy results are collected in Ta2ewhere energy of PA, NoC and

the total energy are presented. An Adaptive-digorithm in the table represents the
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Adaptive algorithm with a maximum number ®f misroutes. The presented energy
results are calculated according to formulas 2-@ 218, and based on the results of
synthesis presented in Table 4-3. As in experineittis assumed that the width of one

flit is 32 bits. As it can be noticed, Raith BMAT allocation strategy consumed

Table 5-2. Energy consumption of the PA, NoC anal t6MP depending on the used
routing algorithm.

PA Energy [uJ]

NoC Energy [pJ] Total CMP Ener

IFF-

y [1J]
IFF-

IFF-

BMAT

IFF

BMAT

Mesh

Torus

BMAT

IFF-Mesh

Torus

DOR

1633.1258256.854]

4.2233

6.2805

4.2518

1637.3491

263.1346

261.105%

Valiant

1633.125§

256.8541

7.535

10.16

7.5778

1640.660§

267.0141

264.432

DOR-LB

1633.1258256.854]

4.2233

6.2805

4.2518

1637.3491

263.1346

261.1059%

Valiant-
LB

1633.125¢§

256.8541

7.5727

10.1728

7.5859

1640.6985

267.0269

264.4400

Adaptive-
M1

1633.1258256.854]

5.3971

7.4152

5.4128

1638.5229

264.2694

262.2669

Adaptive-
M2

1633.125¢§

256.8541

6.5308

8.6014

6.568

1639.656¢

265.4555

263.4222

Adaptive-
M3

1633.1258256.854 1

7.5254

9.6576

7.5793

1640.6511

» 266.5118

264.4335

Adaptive-
M4

1633.125¢§

256.8541

8.536

10.726¢

8.5529

1641.6614

267.5808

265.4071

significantly (6 times) more energy than IFF schehis a price for wraparound channel
recognition offered by BMAT. Among NoCs consideredhe experiment, the NoC with
the DOR routing technique achieves the lowest gnesgge. It is not a surprise because
DOR is the easiest possible algorithm and it ropteskets through minimal paths. The
Valiant algorithm requires a high amount of enetgyoute the traffic. Even the most
advanced Adaptive routing algorithm with three miges allowed, achieves better
energy performance. Similarly like in the experitn&nNoC with mesh topology (IFF-

Mesh case in the table) achieved the worst enagpits for all routing schemes.
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In Fig. 5-8 to 5-10, the VC couyc«y, y> Of each router with DOR, Valiant, DOR-
LB, Valiant-LB and Adaptive routing techniques isosvn. Adaptive routing is plotted
with misroute values 1 and 3. In the first case, Aldaptive algorithm uses the smallest
amount of energy, in the second, good traffic bagais achieved and required energy is
still smaller than for the Valiant technique. Fi8 presents NoC, where the PA with
BMAT allocation scheme is implemented, Fig. 5-9 &tl0 have the PAs driven by IFF.
In all the figures, the weak traffic balance for R@nd Valiant routings can be noticed.
For the DOR, this disadvantage can be compensatectty low energy consumption
(Table 5-2). However, the Valiant technique becomempletely unattractive. Low
traffic balance provided by DOR and Valiant carebminated by load balance extension
(DOR-LB and Valiant-LB cases in the figures). BAMOR-LB and Valiant-LB cases
bring significant balance improvement, moreover, B remains still minimal and
still needs the smallest amount of energy. Amohghal considered routing techniques,
the Adaptive scheme is characterized by the baffictrbalance and together with its
energy performance becomes very attractive, edpedm comparison to Valiant
techniques.

Experiment 2 reveals the enormous advantages ob#sEd PA with torus-based
NoC. The IFF-Torus approach is characterized by vgood energy performance,
moreover, torus topology of NoC ensures bettefitréfalance than mesh. This solution
in conjunction with DOR-LB routing technique givegery good energy-balance
characteristic. The BMAT-based PA demonstrates vegh energy consumption that

makes this solution less attractive.
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5.3.3. Experiment 3: Impact of Express Virtual Ohgln

In experiment 3, the express-virtual-channel floanteol is implemented and
compared with its virtual-channel counterpart. dtdone by enriching routers in the
experimentation systems by express buffers. Asenipus experiments, the same queue

of jobs has been taken, where Data Generator maglatnfigured as follows:

A PG]_: 10,
e Pgo 10,
4 PL]_: 1000,

« P [04*w]| and[04* h],
e P.3: 500,

* P4 normal.

A PA with IFF and BMAT allocation algorithms is etoged for the queue. For all
combinations, a NoC with all five routing algoritens investigated. For each routing
technique, two flow control mechanisms (virtualschel and express-virtual-channel)

are implemented. In experiment 3, the PA and No§e8aCMP modules are configured

as follows:
e Pgq: 10,
A P(_;zi 10,

* Pgs {2D-mesh, 2D-torus},
* Pws {IFF, BMAT},
*  Pue <0, 0>,

L P|_7: {0, 1, 2, 3},
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* P.g {DOR, Valiant, DOR-LB, Valiant-LB, Adaptive},

L P|_9: {1, 2, 3, 4}

The results of experiment for 10 x 10 torus/meshPFCAvie presented in Table 5-3 and
Figures 5-11 to 5-15. An AdaptivesMalgorithm in the table represents the Adaptive
algorithm, where the maximum number of misroutes iBhe length of EVC in the table
and figures represents the paramd®er — number of routers that can be virtually
bypassed by EVC. The presented energy resultsadoelated according to formulas 2-7
and 2-8. Similarly like in the previous experimertss assumed that the width of one flit
is 32 bits.

As it can be noticed in Table 5-3, implementatiéfEWCs for all considered routing
techniques decreases the amount of energy usedcigtyp for mesh-based NoC, the
saving offered by express-virtual-channel flow cohts significant. The best achieved
results are for cases where the number of VC kaufised is reduced by employing more
express buffers. Thus, if more express buffersused, the gain in energy saving is
higher. The number of express buffers used dependthe length of EVC, size of
mesh/torus and size of jobs. Figures 5-11 to 5+E5gnt total VC and EVC count as a
function of EVC length. The plots are obtained i@ x 10 NoC. For the NoC under
consideration, in almost all cases the higher E€&ge and energy saving is achieved for
P 7 equals 2 — one express channel bypasses virtiwadlynodes. In few cases for IFF-
Mesh instance (DOR, DOR-LB, Adaptive with misrodte2 and 3), configuration with

P.7 equals 3 delivered better results.
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Table 5-3. Energy consumption by NoC with considemiting algorithms, based on
flow control.

Total VC CountTPVC

Total EVC CountTg__

NoC Energy [uJ]

EVC's
Length

BMAT

IFF-
Mesh

IFF-
Torus

BMAT

IFF-
Mesh

IFF-
Torus

BMAT

IFF-
Mesh

IFF-
Torus

DOR

76288

12662

P 76802

0 0

4.22333

$.280482

4.25179

58434

75732

58870

17854

50890 | 17932

3.79484

9.059127

3.821422

55752

66034

56290

20536

60588 | 20512

3.73047%

114.82637

3.75950

™NJ

WIN (R |O

61012

66014

61622

15274

60606 | 15180

3.85671

[4.825938

3.88747

Valiant

136094

204088

136994

0 0

7.53419

10.1227

96 7.5840

19

101950

126466

102165

34344

79230 | 34123

6.7210

1 8.3010

33725983

102924

117066

102858

33488

88212 | 33856

6.74804

8.064737

6.755974

WIN(F|O

114470

122448

114409

22158

82404 | 2142

7.03196

8.182994

6.400887]

DOR-LB

76288

12662

P 76802

0 0

4.22333

5.280487

4.25179

58434

75732

58870

17854

50890 | 17932

3.79483

§.059127

3.821422

55752

66034

56290

20534

60588 | 20512

3.73047%

(14.82637

3.75950

NJ

WIN|F|O

61012

66016

61622

15276

60606 | 15180

3.85671

[4.825938

3.88747

Valiant-L B

134642

200824

138684

0 0

7.45381

9.961001

7.677578

102251

126408

102017

33137

79300 | 33709

6.69987

18.299948

6.704807]

103250

116626

101644

33432

89378 | 33176

6.76431

18.072758

6.667442

WIN RO

115564

123352

115014

21876

84048 | 20982

7.0836¢

8.269919

7.025202

Adaptive-M 1

97490

15129

DI7774

0

0 0

5.39707

g8.504015

5.4128

80400

10042

D 80500

18572

51177 | 18622

5.0333¢

)8.291441

5.040497

75928

879772

76222

21994

61660 | 22124

4.89313

%.941939

4.91349

WIN R |O

82870

87057

83369

14892

62199 | 14733

5.05477

18.910353

5.077366

Adaptive-M 2

117970

173398

118638

0

0 0

6.53085

18.6005772

6.567831

96793

11488

197360

21357

56614 | 21400

6.02824

17.147596

6.060985

93098

10499

193262

24112

64256 | 23964

5.91004

8.852681

5.914527

WIN(F|O

100861

102979

101193

16821

64773 | 16737

6.1112(

8.765978

6.126948

Adaptive-M 3

135936

194710

136910

0

0 0

7.52544

30.657641

7.579369

111871

131938

111927

23177

59162 | 23187

6.92004

18.058703

6.923454

107332

114890

107792

26018

69122 | 26016

6.75785

3.468098

6.783258

WIN|IF|O

116254

115937

116863

18066

67101 | 17883

7.0024(

4.468297

7.030378

Adaptive-M4

154190

216267

154494

0 0

8.53599

10.7264

»38.55293

126598

145749

127220

25094

62713 | 25232

7.79544

18.834634

7.834206

121560

126822

121348

27860

71738 | 27702

7.6032§

8.126895

7.58659]

WIN RO

131499

125088

131832

18921

69828 | 18984

7.87317

7.893589

(8.991993
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Figure 5-11. Total VCT; _and EVCT,__count for DOR and DORS routing
algorithms, based on length of express virtual okan
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Figure 5-12. Total VCT; _and EVCT,__count for Valiant routing algorithm, based

length of express virtual channel.
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Figure 5-13. Total VCT, _and EVCT,__count for ValianttB routing algorithm, base
on length of express virtual channel.
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Figure 5-14. Total VCT, _and EVCT,__count for Adaptive routing algorithm wi
misroute value 1, based on length of express Vidliannel.
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Figure 5-15. Total VCT; _and EVCT,__count for Adaptive routing algorithm wi

misroute value 3, based on length of express Vidhannel.

In all the investigated cases in experiment 3, @nm@ntation of express-virtual-
channel flow control brings energy saving to makiae clear choice for modern CMPs.
Length of EVCs had impact on the amount of eneayed and its choice has to be made
individually for each system.

The advantage of EVCs can be observed especialliNé& with mesh topology,
where the saving is the highest. However, even wighnificant benefits offered by
express buffers in meshes, the torus topology gesvbetter energy characteristic in all

considered cases.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

The continuous development of semiconductor tedgylin the last four decades
has enabled the integration of billions of trarsiston a chip and increased the available
frequencies. However, for a general purpose sipgteessor, making use of all the
available logic in one clock cycle is not possildry more. Moreover, increasing
functionality has made centralized control muchdear These factors have led to multi-
core designs, where multiple single processorgpleed on a single chip, that creates
parallel computing system — Chip Multiprocessor.

In the modern CMPs the global buses that interconttee individual cores are
replaced by Network-on-Chip. The NoCs allow coneatr communication of
concurrently handled data packets. This increasescommunication performance in
comparison with bus architectures.

In order to effectively use CMPs, operating systsnman important factor and it
should support a multiuser environment in which yngarallel jobs are executed
simultaneously. It is done by the processor managersystem of the operating system,
which consists of two components: Job SchedulePandessor Allocator.

In this thesis, PA architecture for NoC-based CM&s been proposed and examined.
The PA is driven by processor allocation algorithmbich have been developed and
analyzed using experimentation system. The hardwaptementation of the PA has
been presented and synthesized on the FPGA boartheSis results have been obtained
showing PA performance characteristics and eneoggumption. For the proposed PA

that is a part of CMP, the efficient NoC structunese been studied and investigated in
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experimentation environment. The presented analgsisaled the image of modern CMP
with integrated processor management system.

In our detailed exploration of on-chip interconneatnetworks in Chapter 2, the
topology of efficient NoCs is narrowed to 2-dimemsl k-ary 2-meshes ank-ary 2-
cubes. As flow control, virtual-channel and exprestial-channel mechanisms have
been chosen. Among tens of routing algorithms, dhdivious DOR and Valiant
techniques with their load balance extensions hbgen considered. As adaptive
technique, the hybrid, deadlock avoidance techmigo@ve been suggested. For the
proposed NoC architectures, the energy model has treated.

The suggested NoC topologies are efficient and Idikexct impact on processor
allocation algorithms, which are deliberated in ftea 3. For 2D-mesh topology, all
important allocation techniques have been examirdtitionally, new allocation
schemes have been proposed by eliminating drawhaci@mer techniques. For 2D-
torus network, extensions concerning wraparounarmdla have been proposed and four
new allocation algorithms for torus have been @@aln order to compare the efficiency
of the considered allocation techniques, an evalnaystem has been developed. The
results reveal very good performance of allocasityorithms based on bit map. Thus the
BMAT and IFF schemes have been chosen as alloc&tbmiques for the PA.

The PA architecture and its synthesis are desciib€thapter 4. The synthesis results
and energy estimation disclosed the significantaathge of PA based on IFF allocation
technique. Among all techniques considered, onkykarray schemes are synthesizable,

especially the IFF is very promising for future fxptions.
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The chosen NoC structures and PA architecturesambdined together in Chapter 5,
where an experimentation system for the NoC-badd® @ith integrated the PA has
been described. The outcomes confirmed the goadtsest PA driven by IFF algorithm.
However, for NoC, the best load balance and eneogmgumption are achieved for the
torus network. This led to idea of implementing B¥ driven by IFF with torus topology
of the NoC. This idea turned out to be the bese THF-based PA and torus-based NoC
driven by DOR-LB routing with express-virtual-chahrilow control delivered the best
load balance and energy characteristic. If higkéability and load balance are needed,
the adaptive routing technique with carefully choparameters can also be a very good
idea.

To summarize, the work presented in this thesisshasvn the future directions for
developing CMPs. It has been shown, that it is iptesso implement the PA on the same
die with PEs. The proposed PA structure with IF§oathm is well scalable and can
handle fast development of modern CMPs. Similatg, proposed NoC for CMPs with

the PA achieves very good energy-performance ctersiic that is optimistic as well.

6.1. Future Work
The research described in this thesis covers stages in the proposed approach.
Since the processor allocation algorithms have lzmtyzed in depth, we believe that
the PA architecture and its hardware implementatemm be further developed. The area
required by a PA can not be significantly redudgdwever, optimization towards better
operational frequency and performance could brargesimprovements.
Current chip technology is well developed for 2Bcking. 3D stacking is still under

research, however we believe, that sooner or IaEersolutions will become more
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efficient. Thus, development and improvement ofcpssor allocation solutions for
higher dimensions could be one of the directiomdufture development.

The natural next step of this work is implementatmf the proposed CMP with
integrated a PA, NoC and PEs on one chip. At tis¢ $tage, an FPGA board seems to be
an adequate and reasonable solution. All the thozeponents are already separately
researched and synthesized, thus additional wookildhfocus on proper configuration
and hardware implementation.

Once FPGA version is available, the performancdyaisabecomes necessary. The
best way is to apply available applications to itin@lemented CMP and compare the
results with single-core general processor and CMMBsout any integrated processor
management system. There are a lot of benchmasdilslale. However, a good idea is to
employ popular applications, such as all kind ahpeessions algorithms, DSP functions,
etc.

The last step of future work would be an ASIC inmpémtation of the CMP, where

the computational power of PEs could be much higfem in the case of FPGA board.
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