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Abstract

Many services have become provided through the cloud. These services utilize large-
scale computational resources, memory, and storage in large-scale data centers, and handle
a large amount of data that cannot be handled by end user’s devices. However, time-
sensitive applications are difficult to provide through the cloud due to the large latency
between the cloud data center and end device.

Edge computing is one technology for addressing this kind of problem. In this ap-
proach, many micro data centers are deployed near users. Each user has a micro data
center that is close to him/her and has more resources than the end devices. Thus, time-
sensitive services can also be provided by using micro data centers.

Efficient resource utilization is important in a micro data center because a micro data
center has a limited amount of resources, compared with large data centers. One approach
for achieving efficient resource usage is to disaggregate the resources. In a disaggregated
micro data center, resources such as CPUs, GPUs, memories, and storages are connected
via a network. We can flexibly construct a virtual computer by connecting the required
resources.

In a disaggregated micro data center, resource allocation has a large impact on the per-
formance of the application. Especially, network resources between the computation and
memory resources are important. If some links become congested and cause a large delay
between resources, it takes a time to complete the process using the resources. There-
fore, we introduce a micro data center whose network is constructed of packet switches
and multi-core optical fibers and propose a resource allocation method for the micro data

center using multi-core fibers. The resource allocation method allocates the computation,



memory, and network resources to each application so that each process of the application
will be completed within the requested time. In this data center, we allocate optical fiber
cores to the communication between resources as network resources. We accommodate
more applications by allowing multiple applications to share the same optical fiber core.
In addition, we also allow communication in an application to use multiple optical fiber
cores between the same nodes to reduce the delay if required.

The resources for an application are allocated when the request to start the application
arrives. However, the allocated resources may affect the allocation of the resources to the
request that will arrive in the future. Even if there are enough computation and memory
resources, the network resources required to connect them may be already used by the
previous requests. Therefore, our resource allocation method avoids using the resources
that may be required for the accommodation of future applications. In this method, we
define an allocation cost for each resource based on the importance of the resource and
allocate resources based on the costs.

We evaluate our resource allocation method by simulation. The results show that our
method can allocate requested resources even in the case that the method that allocates
resources without considering future requests cannot allocate more than 10% of requested
resources. we also demonstrate that we can accommodate more applications by allowing
multiple applications to use the same optical fiber core and allowing each communication
to use multiple optical fibers if necessary. By allowing them, we can reduce the number

of requests whose requirements cannot be satisfied by 2/3.
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1 Introduction

Many services have become provided through the cloud. These services utilize large-scale
computational resources, memory, and storage in large-scale data centers, and handle a
large amount of data that cannot be handled by end-user devices. However, time-sensitive
applications are difficult to provide through the cloud due to the large latency between
cloud data center and end device.

Edge computing is one technology for addressing this kind of problem [1]. In this
approach, many small data centers (hereafter we call micro data centers (uDCs)) are
deployed near users. Each user has a uDC that is close to him/her and has more resources
than the end devices. Thus, time-sensitive services can also be provided by using micro
data centers. By deploying the process to compress the data in uDCs, we can also reduce
the amount of traffic to the cloud data centers.

Efficient resource utilization is important in a pDC because a pDC has a limited
amount of resources, compared with large data centers. One approach to achieving effi-
cient resource utilization is to disaggregate resources [2]. In this approach, each uDC is
constructed of resources connected by a network as shown in Figure 1. We call these uDCs
disaggregated micro data centers (uDDCs). Unlike traditional data centers where each
server has its own CPUs, RAM, and storage, we can flexibly use the resources in uDDCs
by allocating the needed amount of resources to each task [3]. In addition, the resources
in uDDCs can be easily upgraded because each resource is independent. That is, we can

timely update CPU, GPU, and memory to follow their evolution.
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Figure 1: Differences between server centric and disaggregated data centers

In a disaggregated micro data center, resource allocation has a large impact on the

performance of the application. Especially, network resources between the computation



and memory resources have a large impact [3-6].

We evaluated the impact of network performance on the execution performance of
AT applications provided by uDDC [4]. The results indicate that latency has a large
impact on the performance of the application. Therefore, several architectures to construct
disaggregated data centers have been proposed. Zervas et al. used optical circuit switches
in a data center in addition to the electrical packet switches [5]. By configuring the optical
circuit switches, the resources can communicate with low latency.

In a disaggregated data center, resource allocation is also important. The inappropri-
ate allocation may cause a large delay between resources and degrades the performance
of the application. Therefore, several resource allocation methods have been proposed.
Papaioannou et al. proposed a resource allocation method based on latency and band-
width [7]. This method allocates resources and paths between them so that enough CPU
and memory resources are allocated and latencies between them are less than the prede-
fined target value. The above researches assume that the paths between the resources are
reserved and cannot be used by the other applications. However, the network resources
should also be used efficiently in a ygDDC. uDDC can accommodate more applications by
sharing network resources among multiple applications.

Therefore, we introduce a pDDC architecture and propose a resource allocation method
for the architecture that allows the network resources shared among multiple applications.
In this architecture, the network is constructed of packet switches and multi-core optical
fibers. The resource allocation method allocates the computation, memory, and network
resources to each application so that each process of the application will be completed
within the requested time. In this data center, we allocate optical fiber cores to the com-
munication between resources. We accommodate more applications by allowing multiple
applications to share the same optical fiber core. In addition, we also allow communication
in an application to use multiple optical fiber cores between the same nodes to reduce the
delay if required.

The resources for an application are allocated when the request to start the application
arrives. However, the allocated resources may affect the allocation of the resources to the
request that will arrive in the future; even if there are enough computation and memory

resources, the network resources required to connect them may be already used by the



previous requests. Therefore, our resource allocation method avoids using the resources
that may be required for the accommodation of future applications. To achieve this, we
define an allocation cost for each resource including computation, memory, and network
resources based on the importance of the resource, and allocate resources based on the
costs.

In this thesis, we evaluate our resource allocation method by simulation and demon-
strate that our method accommodates more applications satisfying the requirements.

The rest of this thesis is organized as follows. Chapter 2 describes related work. Chap-
ter 3 describes the uDDC assumed in this thesis, and Chapter 4 proposes a resource allo-
cation method considering future application requests. Chapter 5 evaluates our resource

allocation method by simulation. Finally, Chapter 6 concludes this thesis.



2 Related work

2.1 Recent research on resource disaggregation

A disaggregated data center (DDC) is a data center constructed of resource units such
as CPU, GPU, and memory that are connected to each other via a network. Resource
disaggregation improves resource utilization and scaling flexibility [8].

In a DDC, the network performance has a large impact on the performance of appli-
cations. In particular, the communication delay between the CPU and remote memory
may degrade the performance. Gao et al. investigated the network requirements for a
DDC and concluded that high bandwidth communication is necessary to reduce the im-
pact of communication delays [3]. Liu et al. also discussed the requirements for the optical
transmission technology in a DDC and pointed out that high-bandwidth communication
devices that support more than 1 Tbps communication are necessary for a large-scale
DDC that runs large-scale parallel computing applications [6]. We also investigated the
impact of the network performance on the performance of the application, focusing on
the Al application to be hosted in edge uDDC [4]. As a result, we showed that the la-
tency has a large impact on the application performance while higher bandwidth than 50
Gbps is not necessary for the applications such as image recognition that require frequent
communication with small data size between CPUs and memories.

Several approaches that reduce the delay between resources in a DDC have been pro-
posed [9-11]. Gu et al. reduced processing delays during communication by using Remote
Direct Memory Access (RDMA), which allows direct access to remote memory without OS
processing [9]. Sidler et al. reduced the overhead of copying and processing of data from
remote memories by direct access to data in remote memory through a programmable
NIC [10]. Lee et al. reduced the overhead of memory management by centrally managing
remote memory by programmable network switches [11].

Architectures in a DDC have also been proposed. Zervas et al. proposed network
architecture for a DDC that uses optical circuit switches in addition to electrical packet
switches [5]. By configuring the optical circuit switches, the resources can communicate
with low latency.

Especially the DDC architecture focusing on the Al applications have been proposed



in recent years. Kwon et al. proposed a ring network in which computing devices and
memories are connected alternately [12]. In this architecture, computing devices can access
both of the neighbor memories with low latency. They also proposed another architecture
that connects the GPU and memory with a high bandwidth link whose capacity is more
than 100 Gbps [13]. They also have solved the problem of performance limited by the
bandwidth inside the memory by providing a computing unit inside the memory although
there is a problem of high power usage. Zhu et al. construct a low-latency remote memory
by using an optical interconnect to connect the computing device to the memory [14].
Optical interconnects enable low latency communication.

The above researches assume that the paths between the resources are reserved and
cannot be used by the other applications. However, the network resources should also
be used efficiently in a pDDC. A 4yDDC can accommodate more applications by sharing
network resources among multiple applications. Therefore, in this thesis, we introduce a
uDDC architecture and propose a resource allocation method for the architecture that

allows the network resources shared among multiple applications.

2.2 Resource allocation method for disaggregated data center

In a disaggregated data center, resource allocation is also important. The inappropriate
allocation may cause a large delay between resources and degrades the performance of the
application. Therefore, several resource allocation methods have been proposed [6, 7]

Papaioannou et al. proposed a resource allocation method based on latency and band-
width [7]. This method allocates resources and the paths between them so that enough
CPU and memory resources are allocated and latencies between them are less than the
predefined target value.

Zervas et al. proposed a resource allocation method that minimizes the cost based
on the residual amount of resources, the bandwidth, and length of the path between
resources [6]. This method allocates resources and the paths between them so that enough
CPU and memory resources are allocated and latencies between them are less than the
predefined target value.

In this thesis, we consider a pDDC where network resources can be shared among

multiple applications to achieve efficient network resources. In this environment, commu-
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nication between a pair of resources has an impact on the communication of another pair
of resources that share the same network resources; if a pair frequently exchanges a large
amount of data, the delay on the links passed by the data increases. The above existing
methods did not consider such impacts. Some of them assume that the links between
the resources are reserved and cannot be used by other applications. The others consider
only the available bandwidths even if they allow links shared by multiple applications.
In this thesis, we model the delay within a network in a puDDC by using the queueing
theory and propose a method to allocate the resources considering the time required to
complete the processes in each application. In addition, the resources for an application
are allocated when the request to start the application arrives. However, the allocated
resources may affect the allocation of the resources to the request that will arrive in the
future; even if there are enough computation and memory resources, the network resources
required to connect them may be already used by the previous requests. This impact was
not considered in the existing methods. Therefore, we propose an approach to avoiding
using the resources that may be required for the accommodation of the future application.
In this thesis, we achieve this by defining an allocation cost for each resource including
computation, memory, and network resources based on the importance of the resource,

and allocating resources based on the costs.
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3 Disaggregated micro data center

The overview of a uDDC in this thesis is shown in Figure 2.

. Running applications for
e the provided services
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Figure 2: The overview of a disaggregated micro data center in this thesis

In this uDDC, CPUs, GPUs, remote memory, storage, NICs, task dispatchers, and
allocators are connected by a DC network. The NICs are used to communicate with end

devices and the cloud to provide services to users.

3.1 Components of a yDDC
3.1.1 Resources

In the uDDC, resources such as the CPU or remote memory and modules such as the

task dispatcher or allocator are connected by a network.

Computing resource (CPU, GPU) Each CPU has multiple CPU cores. Each CPU
core is allocated to an application. That is, we regard a CPU core as the unit of computing
resource. In this thesis, we assume that each CPU core has a small amount of local memory
as cache memory and uses a paging system. That is, if required data cannot be found
in the local memory, the CPU obtains the page that contains the required data from
the remote memory. When the cache becomes full, some pages are moved to the remote
memory.

Each GPU is allocated to an application. That is, we regard a GPU as the unit of

computing resource. GPUs are another type of computation resource. In the uDDC, if an

12



application requires GPUs, GPUs are allocated to the application. We regard one GPU

as the unit of computation resources.

Remote memory Remote memory is a device that stores the data required by the
computational resources. In this thesis, we divide each memory into blocks and allocate

each block to an application. That is, we regard each block as a unit of memory.

Storage Storage stores the data needed to deploy the application. For example, for
an Al application, the machine learning model is copied from storage to remote memory

when the application is deployed.

NIC NICs are used to communicate with the external network. When providing a
service, it sends the processing request from the end device to the task dispatcher and
returns the processing result to the end device. Also, if the process needs to work with

the cloud, it communicates with the cloud through the NIC.

Task dispatcher A task dispatcher is deployed for each service and relays the requests
for the service to the corresponding computational resources of the service. A task dis-
patcher is allocated from the computational resources in the pDDC and is dynamically

configured as the service is provided.

Allocator The allocator has information about the yDDC network, and each time a
service deployment request arrives, it allocates resources to perform the task dispatch

process and resources to execute the application corresponding to the requested service.

3.1.2 uDDC network

The uDDC network is a network that connects resources in a pDDC. This network is con-
structed of switches and multi-core optical fibers. A multi-core optical fiber has multiple
optical fiber cores as shown in Figure 3. Each optical fiber core is regarded as a link.
That is, we have multiple links between the switches connected by a multi-core optical

fiber. In this thesis, each optical fiber core is allocated to an application but can be shared
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by multiple applications. In addition, if required, multiple fiber cores between the same

nodes can be allocated to an application.

g

Multiple cores are o
contained in — (OSSR
o ¢

a multicore fiber

) ) ; == Multicore fiber
Inside of multicore fiber

Figure 3: The overview of multicore fiber

Switch The switch relays the packets based on the configured path for each resource pair
allocated to each application. Each switch is connected to the next switches by multi-core
optical fibers. Each optical fiber core is connected to each port of each switch. That is, a
switch relays packet by relaying it to the optical fiber core connected to the next switch
on the path.

Each switch has a buffer and can cut-through switching. That is, if the next port is
available, the switch immediately relays the packet to the next port before receiving the
whole packet. If the next port is busy, the switch stores the packet in the buffer and wait
for the next port to become ready.

In this thesis, we allow multiple fiber cores allocated to an application. In this case, if
one of the fiber cores is available, the packets are relayed to the available fiber core. Thus,

the delay in the switch can be reduced by allocating multiple fiber cores.

3.2 Allocation request

The allocation request is sent to the allocator when deploying a new service, or when
the number of users increases and more resources such as CPU and remote memory are
required to provide the service. The requests include the information of the required
resources, the process to complete each task in the application, and the acceptable process
time of the application. The allocator allocates the resources so that the process of the

application can be completed within the acceptable process time. Then the program and

14



data required in this application are deployed to the allocated resources and the service is
started.
3.3 Service delivery form in xDDC

Once the application is started, the process of the application is performed as follows.

Services are provided after the application is allocated. The flow of service is :

1. A task request from the end device arrives. The request is forwarded to the task

dispatcher.

2. The task dispatcher finds available computational resources that can perform the

requested task and sends the command to the computational resources.

3. The computational resources perform the task by cooperating with the other re-

sources allocated to the application.

4. After completing the task, the computational resource sends back the results to the

end device via the NIC.

In this thesis, we assume that the deployed applications remain unless the applications
become no longer used. That is, the resources are allocated only before the application is

used for the first time. By doing so, each application can perform tasks immediately.
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4 Resource allocation method

4.1 Model of disaggregated micro data center

In this subsection, we model a uDDC network and an allocation request. Table 1 shows

notations used in this model and Table 2 shows parameters used in this model

Table 1: Notations in pDDC network and allocation requests

pDDC network

G*(N*®, E®) | Set of nodes and links in the uDDC network

cy Set of available computational resources located at node n € N*
M Set of available remote memories located at node n € N*
‘ Allocation requests ‘
a Requested application
Sa Set of tasks in application a

GY(NY,E") | Set of nodes and links in a resource graph
GP(NP, EP) | Set of nodes and links in a process graph

ch Index of the node corresponding to a computational resource to execute the process p on a resource graph

mﬁ Index of the node corresponding to a remote memory to execute the process p on a resource graph

4.1.1 Model of disaggregated micro datacenter network

A uDDC network is represented as a graph G*(N*, E®). N® and E® are the set of nodes

and the set of links in the uDDC network, respectively.

Node In this model, we have three types of nodes, nodes with computational resources,
nodes with memory resources, and switches. C3 is the set of available computational
resources on n and M is the set of available memory resources on n. In addition, we

define the property of each resource. For each computational resource ¢ € C?, we define

n
the performance value K. defined by the number of floating-point operations per second,
and clock frequency F.. We also define the page size of the computational resource ¢ as
P..

We also define the property of switching capability. We define two properties; the
processing delay T} to relay a packet to the next node by cut-through, and the delay Tﬁ?
to send the whole packet to the next node. If the node n does not has switching capability,

we set T,ivzooandTT?:oo.
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Table 2: Parameters in uDDC network and allocation requests

pDDC network

T,? The delay to send the whole packet to the next node in node n € N?
TN | the processing delay to relay a packet to the next node by cut-through in node n € N*
B Network bandwidth

K. | FLOPS of computational resource ¢

F. Clock frequency of computational resource ¢

TF | Propagation delay of link e € F*

e

S
)‘e,n

The arrival rate of packets passing through link e € E* from node n € N*
Ngere | The number of fiber cores contained by link e € E°

W, Cost of a resource r.

We | Cost of a link e € E*

P, Page size of computational resource ¢

Allocation requests

Ta: | Time constraints of task t € S,
AP Arrival rate of packets from remote memory

AW | Arrival rate of packets to remote memory

o¢, | The clock counts to execute process p in computational resource ¢
crgf The number of page faults to execute process p
08" | The number of pages transmitted per page fault to execute process p

Link In this thesis, we allocate optical fiber cores to the communication between the
resources allocated to applications. We also allow the communication between a resource
pair in an application to use multiple fiber cores. In this model, we regard all candidates
of links between nodes, including each available optical fiber core and available group of
multiple optical fiber core, as links.

Each link e € E* has the following properties, the number of fiber cores N°"¢ and the

propagation delay of e by TX’. All fiber cores have the same bandwidths B.

4.1.2 Model of allocation request

An allocation request is given in two graphs showing the relationship between the com-
putational resources (hereafter we call a resource graph) and showing the relationship
between the processes to execute a task of requested application (hereafter we call process
graph), as shown in Figure 4.

A resource graph is given in a graph structure GY(NV, EV) where NV and EV are the

set of nodes and the set of links. In this graph, each node corresponds to the required
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computational or memory resources. The links are added between the nodes that require
the exchange of information.

A process graph is given in a directed graph structure GP(NP, EP), where NP and EP
are the set of nodes and the set of links. Each node p € NP represents a process that
is required to execute a task and has the property, the number of page faults, and the
number of pages transmitted per page fault that are obtained in advance by monitoring
the application in a test environment. By using them, we obtain the arrival rate of the
packets from the memory Aj and the arrival rate of packets to the memory A in the
process corresponding to node p € NP. In addition, the resource request includes the
information on the mapping between the resource graph and the process graph. ¢, and
m,, indicate the pointer to the computational and memory resources in the resource graph
corresponding to the node p € NP. Each link e € EP is a directed link indicating the order
of the process. Each path from the first process to the final process indicates the processes
required to complete the task. We denote the set of all possible paths by S,. We call each
t € S, a task. For each task ¢, the information of the acceptable execution time is defined.

That is, the resources should be allocated so that all tasks can be completed within the

acceptable execution time.
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resources for exchanging information are connected
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Figure 4: The overview of resource graph and process graph

4.2 Resource allocation probelem

We propose an approach to avoiding using the resources that may be required for the
accommodation of future applications. In this thesis, we achieve this by defining an
allocation cost for each resource including computation, memory, and network resources
based on the importance of the resource. In this subsection, we define the costs of resources

and formulate the problem to allocate resources based on the costs.

4.2.1 Variables

Mapping of computational or memory resources 521\; denotes the binary variable
indicating the mapping between the requested resources and the resources in the uDDC.
(5% = 1 when the resource graph node N/ is mapped in D DC network node V. S (5% =0

otherwise.

Mapping of links (5ZE] denotes the binary variable indicating the mapping between the

links in the requested resource graph and the links in the uDDC. 55 = 1 when the resource
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graph link E? is mapped to puDDC network link E7, (51%- = 0 otherwise.

4.2.2 Costs

In this thesis, we define the costs of memory, links, and computational resources such as
CPUs and GPUs.We set the costs of resources that are required by future requests to large

values.

Cost of a computational resource High-performance computational resources are
important because they can execute applications whose acceptable process time is small
or that require large computational resources. In this thesis, the performance of a compu-

tational resource c is defined as the product of the number of available cores |C%; ;. | and

odec

the performance of the core K.. Therefore, the cost of the computational resource c is

WC = (|CJS\70deC|) ' KC (1)

where, Node. is a node with computational resource ¢ in uDDC network.

Cost of a remote memoy A remote memory that has a large number of available
memory blocks can accommodate a resource request that requires a large amount of mem-
ory. Thus, we set the cost of remote memory m based on the number of available remote

1 S
blocks in remote memory |My, 4, |-

Wm = ’M]Li/odem| (2)

where Node,, is a node with remote memory m in uDDC network.

Cost of a link When a request of application that requires large computational and
memory resources arrives, it requires the computational and memory resources whose costs
defined above are large. In addition, the network resources between the resources are also
required. Thus, we set the costs of the links between the computational and memory
resources with large costs to large values. On the other hand, a link that has already been
allocated as a path for any applications is not able to provide high-speed communication.
Thus, the cost of already allocated links is set minimal value e. We define the cost of the

link e by
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3 {(Ng%h(e)) ( We - Wi )} e ¢ Eolloc
W, = Ng%h shortest Hop(c, m) 3)

ceCcand 77716‘]\4(:0,1’1,cl

€ ec Ealloc

where C@4 and M are the set of available computational resources and remote mem-
ories in the uDDC network, respectively. E®¢ is the set of links that have already been
used in other applications and NZ ath and NE %h(e) represent the number of shortest paths
between resources ¢ and m, and the number of shortest paths that pass through the link

e. shortestHop(c,m) is the shortest hop count between resource ¢ and m.

4.2.3 Predicted execution time

The predicted execution time of any task t € S, of the requested application a can be
calculated as a sum of the predicted time 77" to complete the processes corresponding to
the nodes p € N? in a process graph of task ¢. Therefore, predicted execution time T}osk

of task ¢ is

k
]wttas _ Z T;:ce (4)
peN?

T7*¢ is the sum of the processing time in the computational resource and communica-

tion delay to obtain the data from a remote memory. That is

[N®|—1
ere __ N calc N delay
" = Z {5c§,z‘ ’ TCS,p + 5m§;,i ’ Tcz,m;,p}
=0

where T°%¢ is the processing time in the computational resource and 7% is the com-
munication delay to obtain the data from a remote memory and ¢} is a computational

resource in C7.

The processing time in computational resource The processing time chfglc for
process p in computational resource c calculated by dividing the expected clock count L.,
required to complete the process p by the clock frequency F,. of the computational resource

C.



Communication delay The delay required to obtain the data of one page is the sum
of the time required to obtain the head of the page from the remote memory m and the
transmission delay. That is,

N&|-1
7] aﬁn-P

delay __ N c; latency . pf
Tc,m,p - Z 50,2‘ ’ B + TEg,m:p Up
=0

where Ey . is the link between node ¢ and m in the resource graph and T' latency is the sum
of the propagation delay and the response time and ¢ is a computational resource in C;.
T'atencye,, can be obtained by the sum of the propagation delay 7 and the response
time TX.
|E°|-1
Tlatency =y o7, (Tg’ + T (s, + Ap N, Tﬁ;i))
i=0

where N7, is the source node of link ¢ when reading data from remote memory and
T% is response time when buffering occurs.

We model T by the queuing theory. The processing speed at each switch is fixed. By
allocating multiple optical fiber cores, each packet can be relayed to any of the fiber cores
if it is available. In this thesis, assuming that packets arrive at each switch according to
the Poisson process, we model the response time by the M/D/C queuing model. However,
it is difficult to obtain an accurate response time in the M/D/C queuing model. accurate
derivation of the response time in the M/D/C queueing model is difficult. Thus, we use

the approximation [15]. The approximated response time is

1
T e D) =T + o {1+ [P0 e, T)g%(\ e, T} PN, . T?)

where

Q
O e, T?) = (1_%) (c—1) (V4+5c—2)

16ATS
00, e, TY) =1 - eap{ ——
! (c+1)feN ¢, TY)
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RPN, ¢, TO) =

where the packet arrival rate is A, the number of optical fiber cores is ¢, and the

processing time of a node is T,CLQ .

4.2.4 Definition of the resource allocation problem

Resource mapping constraints A request graph node and a uDDC network node

have a one-to-one relationship. That is

2t 0l <
N _
Z 51,]

Fach request must be allocated to one of the available resources

M) +[C5] — S0 8 > 0 (6)

Time constraints for requested applications All tasks in a requested application

must be executed within an acceptable time.

Tk < T, vie S, (7)

Objective In this method, we allocate resources to minimize the allocation cost of re-

sources and links.
N3|—1 | NY|-1 BE5|—1
minimize Z' - Z' - 5N (Wes + W) + ZI - Z|E 18, ~oWe; (8)

where, 12 o] 08,0 is 1 when ) _p. 6, > 0, and 0 otherwise. c; represents available

computational resource in Cj and mj represents available remote memory in M JS .

We mesmerize the resource allocation problem as follows.
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Constraints:

Vi€ {0,1,...,|NY| = 1},Vj € {0,1,...,IN°| = 1} | 6 € {0,1} (9)

Vo €{0,1,...,|E"| - 1},Vy € {0,1, ..., |E*| — 1} | 67, € {0,1} (10)

> sl <1 (11)
=0

> =1 (12)
7=0

m

M| +]C51 =) 6 =0 (13)
=0

Tiesk < T, VteS, (14)

Objective:

S N3 |=1 | NV|—1 Es|-1
minimize ZL:O‘ ZL-:(J 557\;(Wc§ + Wm§) + ZL:A [1219”01 5Ey>0We§ (15)
y= z,
We allocate resources by solving the above. However, this problem is a nonlinear integer
programming problem and NP-hard. One way to solve such a problem is a meta-heuristic

method. In this thesis, we use Ant Colony Optimization [16].

4.3 Resource allocation method based on ant colony optimization

We allocate resources by solving a resource allocation problem. We use ant colony opti-
mization to solve the problem. Our method is similar to the virtual network embedding
method based on the ant colony optimization (VNE-AE) [16], but is different from the
VNE-AE in the following points; (1) the cost defined in this thesis considers the future
allocation request and is different from the VNE-AE and (2) our method searches the
links so as to minimize the costs because the selection of the used links affects the cost
significantly, though the VNE-AE searches only the locations of virtual machines and uses
the shortest paths. We summarize the notations and parameters used in our method based
on the ant colony optimization as shown in Table 3 and Table 4, respectively.

Our method finds suitable resource allocation by using agents. Each agent performs

the following steps.
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Table 3: Notations used in our resource allocation method based on ant colony optimiza-

tion
Csale | Set of computational resources that are candidates for allocation in agent i
C7em | Set of remote memory that are candidates for allocation in agent ¢
Cf’gk Set of links that are candidates for allocation at agent ¢ in node n
RYest | Set of resources of the best solution for each generation
Ebest | Set of links of the best solution for each generation
Table 4: Parameters in our resource allocation method based on ant colony optimization

N | The number of agents
N | The number of agent generations
pr | Probability that resource r is allocated

pe | Probability that link e is allocated

T Pheromones associated with resources and links
Q Pheromone weight

B Cost weight

p Pheromone decrease rate

© Pheromone increase rate

e Resource search phase: The agent searches the available resources to be allocated to

the node in the requested resource graph. After finding resources for all nodes, the

agent goes to the Link search phase.

e Link search phase: The agent searches the links to be allocated to the links in the

requested resource graph. To search the links, the agent generates N sub-agents

that search the links. After finding all required links, the agent goes to the Update

phase.

e Update phase: The agent updates the pheromone based on the find resources and

links.

After continuing the above steps N*" times, we find the best allocation whose costs are
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the smallest.

4.3.1 Resource search phase

In the resource search phase, an agent searches the computational and memory resources.
The agent selects one of the nodes in the requested resource graph whose corresponding
resources are not allocated. Then, the agent selects the resources to be allocated for the
selected node based on the probabilities p. for the computational resource and p,, for the

memory. We set p. and p,, by

DPec = (16)

TS eementr () "

where a and 3 are the relative importance of pheromone and cost, respectively. In the

resource search phase, the above steps to select resources are repeated until resources for

all nodes are found.

4.3.2 Link search phase

In the link search phase, the agent searches the links between resources selected in the
resource search phase. To search the links, the agent generates N%* sub-agents.

Each sub-agent selects one of the links in the requested resource graph whose corre-
sponding paths in the uDDC have not been found. Then it searches the paths in uDDC
for the selected link. The paths are searched from the source resource; the link from the
source resource is first selected, and then the next link from the destination of the first link
is selected. This process is continued until the link to the destination resource is found.
At each step, the link is selected based on the probabilities p. , defined for all candidates

links from the node n.

«@ 1
Te (Wﬁ>

Pen =
Z v | T (L5
eectinn |7 \ P

where « and [ represent the relative importance of pheromone and cost, respectively.

(18)
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4.3.3 Upadate pheromone

After finding the resources, the agent updates pheromone. The pheromone is updated
based on pheromone decrease rate p (0 < p < 1) . The pheromones of the resources
and links of the best solution for each generation are enhanced based on the pheromone

increase rate . The pheromone 7. of any resource r in the uDDC network is updated by

¢ best
Ty + r € R"®
= T S e Wt e W (19)

o7y r ¢ Rbest

The pheromone 7, of any link e in the pDDC' network is also updated by

¢ best
pPTe + e € E¢®
Tr = ‘ Z:vERb“t We + ZeEEbESt We (20)

OTe e gé Ebest
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5 Evaluation

In this section, we evaluate our method by simulation.

5.1 Comparison with optimum allocation

In this subsection, we compare the resource allocation by our method with the optimum

resource allocation.

uDDC network We use a small uDDC network shown in Figure 5. Each computational
resource has 5 cores and each memory has 250 memory blocks. Each optical fiber has one

optical fiber core. The other parameters are set to the values shown in Table 5.

Multicore fiber (1 core)

“ m a Switch

|
I au @ Remote memory
ycy

CPU

Figure 5: 2 x 3 grid pDDC network

Table 5: Parameters setting of uDDC network

Parameters Value
CPU FLOPS 13.619GFLOPS
Propagation delay 0.025us
Switch latency when buffering 3 us
Cut-through latency 300ns
Page size 4KB
Bandwidth of each core 50Gbps

Resource request In this evaluation, we generate three types of resource requests
shown in Table 6. We generate the sequence of the resource requests by generating the

requests at each time slot based on the probabilities shown in Table 7.
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Table 6: Parameters setting of resource requests for comparison with optimum allocation

Request 1 | Request 2 | Request 3
Time constraint 3000ms 500ms 250ms
Required computing resources 3 5 5
Required remote memories 3 5 5
Process 1
Clock count 0.035 0.035 0.035
The arrival rate of the packets to remote memory per 1ms 0.00066 0.004 0.01
The arrival rate of the packets from remote memory per 1ms | 0.00066 0.004 0.01
Process 2
Clock count 0.054 0.054 0.054
The arrival rate of the packets to remote memory per 1ms 0 0 0
The arrival rate of the packets from remote memory per 1ms | 0.00066 0.004 0.01
Process 3
Clock count 2371.33 1960.36 1960.36
The arrival rate of the packets to remote memory per 1ms 3.714 3.8 3.8
The arrival rate of the packets from remote memory per 1ms 7.42 6.86 6.86
The number of page faults 67543.25 | 56661.29 | 56661.29
The number of pages transferred per page fault 5.27 4.84 4.84

Table 7: Parameters setting for generating resource requests

Request sequence | p1 | p2 | D3

Request sequence 1 | 0.8 | 0.1 | 0.1
Request sequence 2 | 0.4 | 0.2 | 0.4

Request sequence 3 | 0.1 | 0.1 | 0.8

Resource allocation methods In this subsection, we run our resource allocation
method by setting the parameter to the values shown in Table 8. We also use a method
to find the optimum solution in addition to our resource allocation method based on the
ant colony optimization. In this method, we find the optimum solution to the problem

formulated in Section 4.2.4 by brute force search.
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Table 8: Parameter settings of proposed resource allocation method

Parameters Value
Number of agents searching for resources 20
Number of agents searching for routes 20
Number of agent generations 20
Pheromone decay rate 0.1
Pheromone enhancement rate 100
Pheromone weight 2
Allocation cost weight 1
Initial pheromone value 1000

5.1.1 Results

Table 9 shows the average number of rejections for each request sequence. Table 10 shows

the maximum and minimum amount of allocated computational resources for each request

sequence
Table 9: Average number of rejections for each request sequence
Request sequence Optimal solution of our Solution derived by Theoretical
resource allocation problem | ant colony optimization | optimal solution
Request sequence 1 0 0 0
Request sequence 2 0 0 0
Request sequence 3 0 0 0
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Table 10: Maximum and minimum amount of allocated computational resources for each

request sequence

Request sequence

Optimal solution of our

resource allocation problem

Solution derived by

ant colony optimization

Theoretical

optimal solution

max value min value max value | min value | max value | min value
Request sequence 1 15 13 15 13 15 13
Request sequence 2 15 13 15 13 15 13
Request sequence 3 15 13 15 13 15 13

The results indicate that all methods allocate almost all computational resources with-
out any rejection. That is, our method allocates the resources effectively even though it
uses only the information of the current request. These results also indicate that the
method based on the ant colony optimization achieves similar results to the optimal solu-

tion.

5.2 Evaluation of resource allocation method considering future appli-

cation requests

We evaluate the proposed method by comparing our method with the method that al-
locates resources to achieve the best performance of the requested application without

considering future application requests.

5.2.1 Evaluation environment

uDDC network We use a 3 X 3 two-dimensional torus network as shown in Figure
6. Each computational resource has 18 cores and each remote memory has 250 memory
blocks. Each optical fiber has 4 optical fiber cores. The other parameters are shown in

Table 5.

Resource request Similar to Section 5.1, we generate three types of resource requests
but we change the resources required by each application. In this subsection, we simulate

three cases of the required resources:

e Environment 1: the case that all applications require the same amount of resources
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e Environment 2: the case that request 1 requires a large amount of resources.

e Environment 3: the case that request 3 has a large amount of resources.

We generate the sequence of the resource requests by generating the requests every minute

based on the probabilities shown in Table 7.

In all cases, all applications end 60 minutes after the beginning of the application. We

evaluated the cases that the probability of a request arriving per minute is 15% and 30%.

N (M) ycN
Multicore fiber (4cores)

@ Remote memory
& CPU

Figure 6: 3 x 3 two-dimensional torus pDDC network

Table 11: Parameters setting of resource requests

Request 1 | Request 2 | Request 3

Time constraint 3000ms 500ms 150ms

Required computational resources(Environment 1/ 2/ 3) 4/7/4 4/4/4 4/4/7

Required remote memories(Environment 1/ 2/ 3) 4/7/4 4/4/4 4/4/7
Process 1

Clock count 0.035 0.035 0.035

The arrival rate of the packets to remote memory per 1ms 0.000495 0.003 0.0075

The arrival rate of the packets from remote memory per 1ms | 0.000495 0.003 0.0075
Process 2

Clock count 0.054 0.054 0.054

The arrival rate of the packets to remote memory per 1ms 0 0 0

The arrival rate of the packets from remote memory per 1ms | 0.000495 | 0.000495 0.0075

Process 3
Clock count 2371.33 1960.36 1960.36
The arrival rate of the packets to remote memory per 1ms 2.805 2.85 2.85
The arrival rate of the packets from remote memory per 1ms 5.565 5.145 5.145
The number of page faults 67543.25 | 56661.29 | 56661.29
The number of pages transferred per page fault 5.27 4.84 4.84

32



5.2.2 Compared method
In this evaluation, we simulate this method by changing the cost of our method as follows.

The computational resources with higher FLOPS values have higher performance. There-

fore, this method uses the cost of the computational resources defined by

In this evaluation, all remote memory has the same access speed. Therefore, this

method uses the cost of remote memory defined by
Wn=1

The latency on the link with low utilization is small. Therefore, this method uses the

cost defined by

S

-
é,n Ncore
e

We also obtain the results for this method by using ant colony optimization similar to

our method.

5.2.3 Results

In this evaluation, the application requests whose requirements cannot be satisfied are
rejected. Figures 7 shows the cumulative number of rejections for each environment and
Table 12 shows the number of rejections from the start to the end of the simulation in
a case that the probability of a request arriving per minute is 15%. Figures 8 shows the
cumulative number of rejections for each environment and Table 13 shows the number of
rejections from the start to the end of the simulation in the case that the probability of a

request arriving per minute is 30%.

33



Cumulative rejections

Cumulative rejections

Cumulative rejections

] 50 100 200 250

150
Timeslot

(a) Request sequence 1(Envi-

[ 50 100 200 250 300

150
Timeslot

(b) Request sequence 2(Envi-

[ 50 100 200 250 300

150
Timeslot

(¢) Request sequence 3(Envi-

Cumulative rejections

ronment 1) ronment 1) ronment 1)

150
Timeslot

(d) Request sequence 1(Envi-

ronment 2)

150
Timeslot

(e) Request sequence 2(Envi-

ronment 2)

150
Timeslot

(f) Request sequence 3(Envi-

ronment 2)

Cumulative rejections

Cumulative rejections

Cumulative rejections

° 50 100 200 250

150
Timeslot

(g) Request sequence 1(Envi-

ronment 3)

[ 50 100 200 250 300

(h) Request sequence 2(Envi-

ronment 3)

[ 50 100 200 250 300

150
Timeslot

(i) Request sequence 3(Envi-

ronment 3)

Figure 7: The cumulative number of rejections of our method and compared method

(Request arrival rate per minute: 15%)
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Figure 8 The cumulative number of rejections of our method and compared method

(Request arrival rate per minute: 30%)
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Table 12: The number of rejections of our method and compared method from the start

to the end of the simulation (Request arrival rate per minute: 15%)

Allocation considering future requests | Allocation considering only request performance
Requestl ‘ Request2 ‘ Request3 Requestl ‘ Request2 Request3
Environment 1
Request sequencel 0 0 0 0 0 0
Request sequence?2 0 0 0 0 0 0
Request sequence3 0 0 0 0 0 0
Environment 2
Request sequencel 0 0 0 0 0 0
Request sequence2 0 0 0 0 0 0
Request sequence3 0 0 0 0 0 0
Environment 3
Request sequencel 0 0 0 0 0 0
Request sequence2 0 0 0 0 0 6
Request sequence3 0 0 0 0 0 7

Table 13: The number of rejections of our method and compared method from the start

to the end of the simulation (Request arrival rate per minute: 30%)

Allocation considering future requests | Allocation considering only request performance

Requestl ‘ Request2 ‘ Request3 Requestl ‘ Request2 ‘ Request3

Environment 1

Request sequencel 0 0 0 0 0 0
Request sequence2 0 0 0 0 0 0
Request sequence3 0 0 0 0 0 0

Environment 2

Request sequencel 0 0 0 0 0 0
Request sequence2 0 0 0 0 0 0
Request sequence3 0 0 0 0 0 0

Environment 3

Request sequencel 0 0 0 0 0 1
Request sequence2 0 0 6 0 0 16
Request sequence3 0 0 6 0 0 40

The proposed method did not cause any rejection in all environments in the case where

the request arrival rate per minute is 15%. The method without considering future requests
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could not allocate resources to all requests when request 3 requires a large amount of
resources, regardless of the request arrival rate per minute. The rejection of the compared
method was equal to or greater than that of the proposed method in all cases. That is, our
method can allocate resources even in the case that the method that allocates resources
without considering future requests cannot allocate resources. This difference is caused
by the available resources when request 3 arrives. The method without considering future
requests allocates resources to achieve the best performance for the requested application.
As a result, enough resources for request 3 that requires a large amount of resources and
whose acceptable execution time is small do not exist. On the other hand, our method
avoids using the resources that are required by future requests. As a result, our method
can allocate request 3.

The results also indicate that our method also rejects some requests when the appli-
cation 3 requires a large amount of resources and arrives frequently. This is because the
utilization of the resources is quite high and the application request can be accepted only
when some applications end and free the resources. That is, uDDC should be deployed so

that too high utilization of resources can be avoided.

5.3 Impact of sharing links

In this thesis, we allow multiple applications to share the same optical fiber core. In
addition, we also allow one application to use multiple optical fibers if required. We

evaluate the impact of these policies on applications accommodations.

5.3.1 Evaluation environment

uDDC network We use 3 x 3 two dimensional torus network similar to Section 5.2. We

use the same parameter as Section 5.2.

Resource request We generate three types of requests similar to Section 5.2. Each
type of request requires the resources as shown in Table 11. We generate the sequence of
the resource requests by generating the requests every minute based on the probabilities
shown in Table 7. In all cases, all applications end 60 minutes after the beginning of

the application. We evaluated sharing links in the case that the probability of a request
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arriving per minute is 30%, where many requests arrive because we investigate how the

link usage policy affects the capacity of the network.

Compared policies We compare the following policies.

e Link share and integration: In this policy, we allow multiple applications to share
the same fiber core. In addition, we also allow applications to use integrated links

constructed of multiple optical fiber cores.

e Link sharing without integration: In this policy, we allow multiple applications to

share the same fiber core but we do not construct the integrated links.

e Exclusive: We allow only a single application to use an optical fiber core.

5.3.2 Results

Figures 9 shows the cumulative number of rejections for each environment. Table 14 shows

the number of rejections from the start to the end of the simulation.
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Figure 9: The cumulative number of rejections for each link usage policy
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Table 14: The number of rejections for each link usage policy from the start to the end of

the simulation

Allowing for link Prohibiting link Prohibiting only

sharing and integration sharing and integration link integration

Request3 | Requestl | Request2

Request1 ‘ Request2 Request3 | Requestl ‘ Request2 ‘ Request3

Environment 1

Request sequencel 0 0 0 22 1 1 0 0 0
Request sequence2 0 0 0 12 1 6 0 0 3
Request sequence3 0 0 0 0 3 23 0 0 16

Environment 2

Request sequencel 0 0 0 27 0 2 7 0 0
Request sequence2 0 0 0 16 0 6 6 0 14
Request sequence3 0 0 0 0 4 22 1 1 18

Environment 3

Request sequencel 0 0 0 19 2 4 0 0 2
Request sequence2 0 0 6 3 1 16 0 1 16
Request sequence3 0 0 6 0 1 24 0 0 15

The results indicate that link sharing increases the number of applications that can be
allocated. That is, the effective use of the network resource is required to accommodate
more applications. In addition, the results indicate that the integrated links also increase
the number of accommodated applications. This is caused by the reduction of latency by
integrating links. As a result, even the requests whose acceptable execution time is short

can be accepted.

5.4 Impact of using multi-core fibers

In this thesis, we regard each core as an independent link. But multi-core fibers can be
used as a link with large bandwidth. In this section, we investigate the impact of the

usage of multi-core fibers.

5.5 Evaluation environment

uDDC network We use the same network structure as Section 5.2. But we change the
number of optical fiber cores in each multi-core fiber and bandwidth of each optical fiber

core as shown in Table 15. The total bandwidth of each multi-core optical fiber is the
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same for all cases.

Resource request

Compared environment

work in Figure 6 are compared for the following cases:

We generate the same resource requests as Section 5.3.

The four cores of the multicore fiber of the evaluation net-

e Environment in which all four cores can be controlled independently

e Environment in which two cores in a multicore fiber are bundled together and the

number of links between each node is 2.

e Environment in which all cores are used together as a single high bandwidth link

Table 15: Bandwidth and the number of links between each node in each evaluation

environment

Network with

4 links between nodes

Network with

2 links between nodes

Network with

1 link between nodes

The number of links between nodes

Bandwidth

4
50Gbps

2
100Gbps

1
200Gbps

Figure 10 shows the cumulative number of rejections for each environment and Table 16

shows the number of rejections from the beginning to the end of the simulation.
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Figure 10: The cumulative number of rejections for each environment
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Table 16: The number of rejections for each environment from the start to the end of the

simulation
4 links between nodes 2 links between nodes 1 links between nodes
Requestl ‘ Request2 ‘ Request3 | Requestl ‘ Request2 | Request3 | Requestl ‘ Request2 ‘ Request3

Environment 1

Request sequencel 0 0 0 0 0 1 10 2 7

Request sequence2 0 0 0 5 3 17 16 6 26

Request sequence3 0 0 0 1 0 44 1 4 64
Environment 2

Request sequencel 0 0 0 46 0 4 62 0 5

Request sequence2 0 0 0 15 3 23 20 6 31

Request sequence3 0 0 0 1 3 46 2 3 66
Environment 3

Request sequencel 0 0 0 0 0 7 10 2 7

Request sequence2 0 0 6 1 1 26 8 4 31

Request sequence3 0 0 6 1 1 58 0 2 72

The results indicate that a large number of optical fiber cores increases the number of
accommodated applications even if the bandwidth of each fiber core is small. Even if a
bandwidth of a link becomes large, if each optical fiber has only one core, all applications
that use the fiber share the same link. On the other hand, if we have multiple fiber cores,
an application that requires low latency communication can use a different link from the

other applications that do not require low latency communication.
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6 Conclusion

We proposed a resource allocation method that avoids the use of resources that may be
required for the accommodation of future applications. In this method, we defined an
allocation cost for each resource based on the importance of the resource and allocate
resources based on the costs.

We evaluated our resource allocation method by simulation. The results showed that
our method can allocate requested resources even in the case that the method that allocates
resources without considering future requests cannot allocate more than 10% of requested
resources. We also demonstrated that we can accommodate more applications by allowing
multiple applications to use the same optical fiber core and allowing each communication
to use multiple optical fibers if necessary. By allowing them, we could reduce the number
of requests whose requirements cannot be satisfied by 2/3.

In our evaluation, we used a small 2-D torus network in evaluation. Evaluation of our
method in a large pDDC is one of our future work. In addition, the network topology
affects the performance of pDDC. Thus, we will also investigate the structure of uDDC
including the network topology and the location of resources, considering the resource

allocation in our future work.
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