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Abstract. In the TBFC (Tree-Based Fog Computing) and TWTBFC
(Two-Way TBFC) models the electric energy consumed by fog nodes and
servers can be reduced in the fog computing (FC) model. Here, fog nodes
are hierarchically structured in a height-balanced tree, where a root node
is a cloud of servers, leaf nodes are edge nodes which communicate with
devices, and each node receives data from child nodes and sends the
processed data to a parent node. In the TWTBFC model, nodes send
processed data to not only a parent node but also each child node. In
order to reduce the network traffic in the TWTBFC model, only aggre-
gate nodes at some level collect the output data of every other aggregate
node, i.e. aggregate data. Since only target actuators are to be activated,
the aggregate data has to be only delivered to target actuators. Nodes
whose descendant actuators are target ones are relay nodes. On receipt
of aggregate data, only relay nodes forward the aggregate data to the
child nodes. We evaluate the new TWTBFC model in terms of energy
consumption of nodes and number of messages transmitted to deliver
aggregate data to edge nodes.

Keywords: Energy-efficient fog computing * IoT (Internet of
Things) - Two-way TBFC (TWTBFC) model - Aggregate node

1 Introduction

The IoT (Internet of Things) [5,7] is composed of not only computers like servers
and clients but also millions of devices, i.e. sensors and actuators installed in var-
ious things like glasses and cars [11,14]. Compared with traditional information
systems like the cloud computing (CC) model [4], the IoT is more scalable and
huge amount of data from sensors are transmitted in networks and are processed
by application processes on servers. The fog computing (FC) model [16] is pro-
posed to reduce the network and server traffic of the IoT (Internet of Things).
On the other hand, huge amount of electric energy is consumed by nodes. In
order to not only increase the performance but also reduce the electric energy
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consumption of the IoT, the TBFC (Tree-based Fog Computing) model is pro-
posed in our previous studies [3,11,12,15]. Here, fog nodes are hierarchically
structured in a height-balanced tree. A root node is a cloud of servers and leaf
nodes are edge nodes which receive sensor data from sensors and send actions
to actuators. Each fog node has one parent node and child nodes. Each node
receives input data from the child nodes. Then, the fog node processes the input
data and sends the output data, obtained by processing the input data to a
parent node. A server in a cloud finally receives data processed by fog nodes.
Then, the servers delivers actions to actuators through networks of fog nodes.
While the traffic of servers and networks can be reduced, it takes time to deliver
actions to actuators.

The TWTBFC (Two-Way TBFC) model [9,10] is also proposed to reduce
delay time to deliver actions to actuators. Here, a node not only sends output
data to a parent node in a same way as the TBFC model but also forwards the
output data to the child nodes. In addition, some level is taken as aggregate level.
Nodes at aggregate level are aggregate nodes [8]. Each aggregate node collects
the output data from every other aggregate nodes. Then, each aggregate node
obtains aggregate data which is a collection of output data of all the aggregate
nodes. Then, the aggregate data is transmitted from each aggregate node down
to the descendant edge nodes. Then, edge nodes make a decision on actions
and activate child actuators by sending the actions. Since the aggregate data
is transmitted to every edge node, more number of messages are transmitted
in networks. On the other hand, only some edge node is required to activate
its child actuators. Actuators to be activated for the aggregate data are target
ones. Nodes whose descendant actuators are target ones are referred to as relay
ones. In order to reduce the network traffic, we propose a new model where only
relay nodes forward the aggregate data to the child nodes. In the evaluation, we
show the number of messages and energy consumption of nodes to obtain the
aggregate data and deliver the aggregate data to target edge nodes.

In Sect. 2, we present the TWTBFC model of the IoT. In Sect. 3, we present
the power consumption and computation module of a fog node. In Sect. 4, we
evaluate the TWTBFC model.

2 Two-Way Tree-Based Fog Computing (TWTBFC)
Model

2.1 TBFC Model

The fog computing (FC) model [16] to efficiently realize the IoT [11] is composed
of sensor and actuator devices, fog nodes, and clouds. Clouds are composed of
servers like the cloud computing (CC) model [4]. In the TBFC (Tree-Based Fog
Computing) model [12,15], fog nodes are hierarchically structured in a height-
balanced tree as shown in Fig. 1. Here, the root node f denotes a cloud of servers.
Fog nodes at the bottom level are edge nodes which communicate with sensors
and actuators.
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Fig. 1. TBFC model.

Each node fg has cg (> 0) child nodes fg,..., frc,- Here, fr; shows the
ith child node of the fog node fr and in turn fr is a parent node of the node
fri. ch(fr) is a set {fr1,..., fr,cr} Of child nodes of a node fr. pt(fr:) is a
parent node fr of a node fg;. For example, the second child node of a root node
f is f2, and the first child node of the node f5 is f21. Thus, the label R of a fog
node fg is a sequence of numbers and shows a path from the root node f to the
fog node fgr. Let an(fr) be a set of ancestor nodes of a node fr. dn(fr) shows
a set of descendant nodes of a node fr and sn(fg) is a set of nodes which are
at the same level as a node fg.

In the cloud computing (CC) model, an application process p is performed
on servers to process sensor data sent by sensors in networks. In this paper, an
application process p is assumed to be linear, i.e. a sequence of subprocesses
Do, P1,---,Ph—1- The edge subprocess pp_1 takes input data from sensors. The
root subprocess pg is performed on a root node f, i.e. servers. Each subprocess p;
takes data from a subprocess p;_; and gives the processed data to a subprocess
Pi+1. In the TBFC tree of height h, each subprocess p; is performed on nodes of
level i. Let p(fr) show a subprocess to be performed in a node fg.

A node fr takes input data dg; from each child node fr; (i = 1,...,Ig).
Dpr shows a collection of the input data dgi,...,dr;, from child nodes
fr1,---, fR.1y, respectively. The node fr obtains output data dg by doing the
computation f(pg) on the input data Dg. Then, the node fr sends the output
data dg to a parent node pt(fgr).
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A notation |d| shows the size [Byte] of data d. Let ig and og be the size
of |Dg| and |dg| of input data Dg and output data dg, respectively. The ratio
lor|/|ir]| is the output ratio pr of a node fr. Here, or = pgr - ig. For example,
if a fog node fr obtains an average value of the input data dgi,...,dRr,,, the
output ratio pr is 1/lg.

2.2 Aggregate Nodes

Each fog node fg receives input data D = {dRr1,...,dr,,} from the child nodes
fris--., fr1, and obtains output data dr by processing the output data Dr. At
some level [ of the tree, each fog node sends the output data di to every other
node f, and receives output data d, from every other fog node f, in addition
to sending the output data dr to the parent node pt(fg). Then, each fog nodes
fr obtains a collection AD; of output data from every node at the same level,
i.e. here, nodes of level [ are referred to as aggregate nodes and the level [ is
aggregate level in the tree. Let AN; be a set of aggregate nodes of level [ in the
tree. The data AD; is an aggregate data which is a set of output data obtained
by all the aggregate nodes of the level [, i.e. AD; = {d; ‘ fs € AN;}. By using
the aggregate data AD;, actuators to be activated are decided. An actuator to
be activated for the aggregate data AD; is referred to as target actuator. Here,
a node which is an ancestor of a target actuator is referred to as relay node.
Each aggregate node fr sends the aggregate data AD; to each relay child node.
Let RNg(€ ch(fr)) be a subset of relay child nodes of a node fr. Even if a
non-relay child node fgr; receives the aggregate data AD;, the node fgr; does
not forward AD; to any child node fr;;. Thus, only a relay node fgr; forwards
the aggregate data AD; to child nodes fri;. Eventually, a relay edge node fr
receives the aggregate data AD;. The relay edge node fr makes a decision on
actions to be performed on child target actuators and issues the actions to the
target actuators.

Target actuators are localized in some area for the aggregate data AD; as
shown in Fig. 2. A node fg is referred to as broadcast node if every descendant
edge node is a relay one. This means, actuators in an area covered by a broadcast
node are activated. On receipt of the aggregate data AD;, a broadcast node fgr
forwards the aggregate data AD; to every child node. Every descendant node
of a broadcast node fgr is a broadcast node. An aggregate node forwards the
aggregate data AD; to relay nodes. A relay node forwards the aggregate data
AD; to relay nodes. Eventually, a relay node fr forwards the aggregate data
AD; to every child node. Here, fr is a broadcast node. A level at which the
node fg exists is a broadcast (b) level. At higher level than the b level, a relay
node send the aggregate data AD; to only relay nodes, i.e. unicasts AD; to each
relay nodes

Let us consider a node fr which has child fog nodes fgri,..., fr,cs- Let g
stand for the size |dr| of the output data dr. The size xg of the output data dp
of anode fr is given as g = pr - (X;%,xR;). Here, pg is the output ratio of the
node fr. If fr is an edge node, each size xg; shows the size of the sensor data dg;
from a child sensor sg;. Thus, the size xr; of the output data dg; of each child
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Fig. 2. Relay nodes and target actuators.

node fg; of level [ can be obtained, and then the size x i of an aggregate node fg
is calculated. Each aggregate node fr of aggregate level [ obtains the aggregate
data AD; whose size as;(= |[ADy|) is X' c an, (ps- 252 25:). The aggregate data
AD; of size as; is forwarded to target edge nodes. On receipt of the aggregate
data ADy, a relay edge node fr decides on actions and sends the actions to the

target actuators agri,...,aRalg-

3 Power Consumption and Computation Models of a Fog
Nodes

3.1 Upward Transmission

A fog node fg is assumed to be implemented to be a sequence of input (Ig),
computation (Cg), and output (Og) modules. The input module Ig receives
input data dg; from a child node fg; and the output module O sends out-
put data dr to a parent node pt(fr). The computation module Cg is a sub-
process p(fr) which generates the output data dr by processing input data
Dr = dpgi,...,dr,cy- In this paper, we assume the Ir, Cgr, and Or modules
are sequentially performed in a fog node fr on receipt of the input data Dg.
It takes time to perform the Ir, Cr, and Or modules of a node fgr. Let
TIg(x), TCr(z), and TOR(z) show the execution time [sec] of the input I,
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computation C'g, and output O modules of a node fg for data of size x, respec-
tively. The execution time TCr(z) depends on the computation complexity of a
subprocess p(fr). In this paper, the computation complexity of the subprocess
p(fr) is assumed to be O(x) or O(x?). That is, the execution time TCg(x) of
the computation module (Cg) is ctg - Cr(z) where Cr(z) = z or Cr(z) = 2
and ctg is a constant. A pair of execution time T1g(z) and TOg(z) to receive
and send data of size x, respectively, are proportional to the data size z, i.e.
TIr(z) =rtg -z and TOg(x) = stg - x, where str and rtg are constants. Thus,
the execution time TCr(x), TIg(x), and TOg(x) are given as follows:

TCr(z) = ctgr - Cr(x). (1)
TIR(.Z‘) = ’I"tR - X. (2)
TORr(z) = stg - . (3)

It takes time T Fr(x) [sec] for each node fg to receive and process input data
Dp, of size x and send the output data dg to a parent node pt(fr):

TFr(z) =TIg(x) + TCr(x) + 0r - TORr(pr - ). (4)

Here, if fr is a root node, dp = 0, else g = 1. The execution time TIg(x)
of the I'r module realized in a Raspberry Pi 3 model B [2] node is five times
longer than the execution time TOg(x) of the O module, i.e. rtg = 5- stg and
ctr =rtr/2 [13]. That is, ctg : stg : rtg =1:2.5:0.5.

EIgr(z), ECgr(z), and EOg(z) show the electric energy [J] consumed by the
input I, computation Cg, and output O modules [11] of a node fr for data
of size x, respectively. In this paper, we assume each node fr follows the SPC
(Simple Power Consumption) model [5-7]. The power consumption of a node fr
to perform the computation module Cr (= p(fr)) is maxEr [W]. In a Raspberry
Pi Model B, node f;, mazE; = 3.7 [W]. The energy consumption ECr(z) [J]
of the computation module Cg of a node fr to process data of size x (> 0) is
ECRr(z) = maxEgR [W] - TCr(x) [sec].

A pair of the electric power PIg and POg [W] are consumed to perform the
input I and output Or modules, respectively [5-7]. PIg and POpg are reg -
maxERr and ser - maxER, respectively, where 0 < sep < reg < 1. For example,
seg = 0.676 and reg = 0.729 in the Raspberry Pi 3 model B node fg [13]. The
energy consumption Elg(z) and EOg(x) [J] to receive and send data of size x
(> 0) are EIg(xz) = PIg[w] -TIg(x)[sec] and EOg(x) = POg[w]- TOg(z)[sec],
respectively.

Each node fr consumes the energy EFr(z) to reduce and process the input
data Dp of size z and send the processed data dg of size pg - x:

EFR(I) = EIR(:L') + ECR(I) + R - EOR(pR . I)
= (reg - TIr(x) + TCr(z) + ér - ser - TORr(pr - x)) - mazEg
= (reg-rtr-x+ctgp-Cr(x)+0r-ser-str-pr-z) -maxEg. (5)
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3.2 Downward Transmission

Each aggregate node fr consumes electric energy and takes time to collect the
aggregate data AD; from other aggregate nodes of aggregate level [ as shown
in Fig.2. AN, is a set of aggregate nodes at level [. Each aggregate node fr of
level [ sends the output data dg to and receives the output data ds from every
other aggregate node fs. Let o5 be the size |ds| of the output data ds. Then,
the aggregate node fr forwards the aggregate data AD; to the child nodes
fri,---y frcn- The aggregate data AD; is a set {ds | fs € AN} of output data
of every aggregate node. The size as;(= |AD;|) of the aggregate data ADj is:

asy = Xy can0s] = Lp e an, (ps - Li2104i). (6)

It takes time AEXpg of an aggregate node fr to send the output data dgz and
to receive the output data ds from every other aggregate node f,:

AEXgp = TOR(OR) . |AN[‘ + EfSEANRTIR(OS)' (7)

Then, a relay aggregate node fr of aggregate level [ sends the aggregate data
ADj to relay child nodes. Let RNg (C ch(fr)) be a set of relay child nodes of
a node fg. The total time ATOR [sec] of a relay aggregate node fg is given as
follows:

ATOgr = TOR(OR) . |AN[‘ + EfseANlTIR(OS) + TOR(asl) . |RNR| (8)
The relay aggregate node fr consumes the energy AEOpR [J] as follows:

AEOgR = (seR . TOR(OR) . |AN1| + sep - TOR(‘CLSID
JrreRoEfseANlTIR(OS))oma:JsER. (9)
A descendant relay node fgr of the aggregate nodes receives the aggregate
data AD;. If fr is a relay node, the node fg forwards the aggregate data AD;

to the relay child nodes. The execution time ATOpg of a relay node fg is as
follows:

ATOpR = T1Ig(as;) + TOg(as;) - |RNg|
=rtgr-as; + stg - as; - |RNg|. (10)
Each node fr of level k (< 1) consumes energy AEOR to forwards the aggregate
data AD; to the descendant edge nodes.
AEOg = (rer - TIr(as;) + ser - TOgr(as;)) - maxEgr
= (reg -rtg-as; + seg - stg - as; - |[RNRg|) - mazg. (11)
The higher the aggregate level [ is, the smaller size of the aggregate data AD,
and the fewer number of messages are exchanged among the aggregate nodes.

However, the more number of messages are transmitted to deliver the aggregate
data AD; to edge nodes.
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4 FEvaluation

We evaluate the TWTBFC model of the IoT in terms of electric energy con-
sumption of fog nodes and number of messages transmitted by fog nodes. The
TWTBFC model is composed of fog nodes structured in a tree. In this paper,
we consider a height-balanced k-ary tree of fog nodes, whose height is h. The
output ratio pr of each fog node fr is assumed to be the same p, i.e. pp = p.
We assume a root node is a server f with a pair of Inter Xeon E5-2667 CPUs
[1], where the minimum electric power consumption minEy is 126.1 [W] and the
maximum electric power consumption mazFy is 301.3 [W]. Each fog node fg is
realized by a Raspberry Pi 3 Model B [2]. Here, the minimum power minEpg is
2.1 [W] and the maximum power mazEg is 3.7 [W] [3]. The computation ratio
CRp of each fog node fr is 0.879/4.75 = 0.185, where the computation rate of
the root node f is 1. This means, the computation speed of the node fg is 18.5
[%] of the root node f.

AN is a set of aggregate nodes at aggregate level I. There are k! (= |AN;|)
aggregate nodes at aggregate level [ in the tree. As presented in the preced-
ing section, each aggregate node fr exchanges the output data dgr with every
other aggregate node and obtains the aggregate data AD; (= |J FLEAN, ds). Each

aggregate node fr sends the output data dg to (k! — 1) aggregate nodes and
receives output data from the other (k! — 1) aggregate nodes. Hence, totally,
k! - (k' — 1) messages are transmitted. Here, the size of sensor data which each
edge node receives from the child sensors is assumed to be one. A node of level
h — 1 receives data of total size k from k edge nodes and sends the output data
dp of size p-k. Thus, each aggregate node fr receives the output data Dg of size
(pk)"=1=1 . k and generates the output data of size (pk)"~!=2. Hence, the total
size k! - (k! — 1) - (pk)"~'=1! of data is exchanged among the aggregate nodes.

For the aggregate data AD;, the target actuators are in some area. In this
paper, we assume there is one broadcast node at broadcast level b and every
descendant edge node of the broadcast node is a target one. At level ¢ (I < ¢ <
b), one relay node sends the output data AD; to one child relay node. Then,
a broadcast node sends the output data AD; to k child nodes. Thus, (b — 1)
messages are transmitted to deliver the aggregate data AD; to the broadcast
node. The node fr sends the aggregate data AD; to k child nodes and each child
node forwards the message AD; to k child nodes. Thus, totally, k + k> + ... +
kh=1=b = k. (1—k"=17%) /(1 — k) messages are transmitted. For a broadcast node
fr of broadcast level b, there are k"~ descendant edge nodes. Here, totally
(b—1)+k-(1—k"=17%)/(1 — k) messages are transmitted. The total size of data
transmitted is [(b—1) + k- (1 — k" =1=0) /(1 — k)] - kb - (K — 1) - (pk)h—1L

We assume k = 2, the height h of tree is 10 (h = 10) and the output ratio
p = 0.5 in the evaluation.
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Figure 3 shows the ratio of the total size of data transmitted at the aggre-
gate level I(1 <1 < 8) to the level 8. Here, a broadcast level b is five (b = 5).
The higher the aggregate level [ is, the smaller the total size of data transmit-
ted. Especially, if the aggregate level [ is larger than 5, the total size of data
transmitted exponentially increases.

Figure 4 shows the ratio of the total size of data transmitted for the broadcast
level b (b > 1) where [ = 5. The higher the broadcast level b is, the more volume
of data is transmitted.

5 Concluding Remarks

In this paper, we proposed the modified model to efficiently realize the TWTBFC
model. Here, one aggregate level [ is selected and aggregate nodes at the aggre-
gate level [ collect output data of every aggregate node as the aggregate data
AD;. A target edge node is one whose actuators are activated for the aggregate
data AD;. A fog node whose descendant edge nodes are target ones is a relay
node. Only target actuators have to be activated. The aggregate data AD; has
to be delivered to only edge nodes of target actuators. In this paper, only a relay
node forwards the aggregate data AD; to its relay nodes. In the evaluation, we
showed the number of messages and energy consumption of nodes to exchange
output data and forward aggregate data to descendant nodes can be reduced.
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