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In this paper it is shown that the performance of the Balan-

ced Class of HDLC Procedures can be evaluated for a wide

range of applications by using a rather simple queueing model.
«  The key idea to our approach is the use of the so-called "vir-

tual transmission time" which comprises the real transmission

time of a message as well as the duration of possible recovery

actions performed in case of transmission errors.

In order to derive analytic results for the delay and the
throughput of a data link, we take all the mechanisms intc ac-
count which through a detailed simulation of the protocol

turned out to have the major impact on performance, In this

way explicit and simply computable expressions for the maximum
throughput as well as the mean transfer time of messages 1in

the presence of transmission errors are found and validated by
comparison with results from a simulation study of HDLC-con-
trolled data !inks where the information exchange phase of

HDLC Balanced Class of Procedures was implemented in full detail.

The developed model provides not only a deeper insight into the
performance determining mechanisms of the Balanced Ciass of HDLC
Procedures but it can also serve as an efficient and reliable
- tool, if it is used as a submodel in performance studies of
-higher protocol levels,

1. INTRODUCTION

In the protocol hierarchy of computer communication networks the data link con-
trol level represents an important part. The main functions of this level are:
(i) to achieve an error-protected transport channel, and (ii) to provide means
for flow-control. '

In this investigation we concentrate on the ISO link contol procedure HDLC,

Paper presented at the International Symposium on Flow Control in Computer Networks,

February 12-14, 1979 Paris, France;
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especially on its Asynchronous Balanced Mode of Operation (ABM) [1,2,3]. The
Balanced Class of operation is intended for point-to-point links carrying large
traffic volumes, where transfer times and Tink efficiency are important factors.
The stations at both sides of the link are so-called Combined Stations: each
station can send both commands and responses. The type of transmission response
is asynchronous, which means that each station can transmit information (I-) or
supervisory (S-) frames without having to wait for an explicit permission by the
other station.

The objective of the investigation is to study the performance of HDLC,ABHM

with a special emphasis on its behavior in the nresence of transmission errors,
A1l presented resuits are based on an implementation of this protocol in the
framework of a simulation study of HDLC controlled data links [4] .

In addition to this simulation study we develop here an analytic anproach to
the performance evaluation of the Balanced Class of Procedures of HDLC in order
to serve two purposes: first, to provide a tool for a fast and reliable
performance evaluation of HDLC controlled data Tinks, and second, to provide
mere insight into how the various parameters of an HDLC implementation and the
data channel characteristics influence the performance.

2. DATA LINK MODEL

Figure 1 shows the structure of our data 1ink model. It consists of two data
stations connected by a full-duplex data circuit. Messages to be transmitted
from station A to station B, or vice versa, are stored in the send buffer of
the sending station, where they have to wait for transmission. Messages are
transmitted according to a first-come-first-served discinline, one message
per I-frame. Throughout this paper we assume that the message buffers are
unlimited, and that processing time can be neglected.
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Fig. 1: Structure of the data link mndel

The transmission channels are characterized by their transmission rate V
and the bit-error probability p.... We assume independent bit-errors. ]
Propagation delay is neglected, wriich is justified for most terrestrial Tinks.

We assume furthermore that the messages to be transmitted to Station B arrive
at Station A according to a Poisson process with rate a,, and that the messages
to be transmitted to Station A arrive at Station B according to a Poisson
process with rate Ag- The messages are of constant length £ .
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The transfer of information across the data link is controlled according to
HDLC, Balanced, Asynchronous Response Mode, Class of Procedures with the
opt1onaT function REJ (reject). The REJ-command/response is used for a more
timely reporting of I-frame sequence errors.

3. PERFORMARNCE CONSIDERATIONS

3.1 Performance measures

The performance of a data link control procedure can be defined in various ways.
For reasons of clarity we distinguish between two different kinds of traffic
situations of a data Tink, the saturated and the non-saturated case.

The saturated case assumes the idealistic condition that a station has always
information to be sent. The appropriate performance measure for this kind of
operation is the throuchput, i.e. the number of successfully transmitted
information bits per unit of time. It is cbvious that the throughput in the
saturated case has the maximum achievable value.

The non-saturated case corresponds to the more realistic condition where the
traffic on the data link varies statistically and the channels are only Toaded
to a certain percentage of their maximum capacity. In this case we are mainly
dinterested in the varijous delay times, for instance in the transfer time T

of messages from their arrival at one station until their successfull recwfpt
at the other station or the buffer holdinc time T, of messages from their
arrival at one station until their deletion due tB a positive acknowledgment
received from the other station.

Whereas related studies on the performance of HDLC procedures have dealt with
the saturated case only [5-7] , our approach attempts to handle both cases
(saturated and non-saturated) in a uniform way.

3.2 Transfer time analysis

3.2.1 Outline of analysis

The following considerations are related to one direction of transmission,
namely from Station A to Station B. Due to the Balanced Mode of Operation
the results for the s>ther direction can be obtained in the same way.

In case of zero error-probability our problem is nearly equivalent to the
M/D/1-queue, where M stands for the Poisson (Harxovian) input process with
rate )., D is the constant I-frame transmissicn time, and the figure 1
indicates one server (the transmisswon channel from A to B). For non-zero
error probability, however, the problem becomes very complex due to the
various ervor recovery actions following a detected I-frame error.

In Figure 2 a simple example of operation is shown, usina symbols of references
[2,3]. Considering the direction A to B we assume that I-frame no. 1 is
received in error. A recovery action, however, is not started before the next
error-free I-frame is received at Station B. Upon receipt of I-frame no. 2.

in our example, Station B reports a sequence error to Station A using a
REJ-frame. Having received the REJ-frame Station A retransmits I-frame no.l
and subsequently I-frames no. 2,3,

Our approach to the evaluation of the transfer time is described as follows.
As indicated in Fig. 2 we conceive that I-frame no.i occunies the transmission
channel for a fictitious time T (i), which we denote "virtual transmission
time". The time T, (i) begins w1¥h the start of transmission of I-frame no.i
under the condition that the preceding frame no. i-1 has been successfully
transmitted. The time Tv(i)'ends when I-frame no.i has also been successfully
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transmitted, i.e. without FCS and sequence error. 1) The virtual transmission
time T (1) is equal to the real transmission time of I-frame no.i, if the
frame 1is trdnbm tted without FCS and sequence error; in case of an FCS ervor
of I-frame no.i it is prolonged (i) by the time until the receiver detects

a sequence error or a timer expires, (ii) by the recovery action, and (iii)
by the retransmission of I-frame no. 1. '

Arrival of Arrival of |Arrival of Arrival of
time
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IAnm,IBnm  Command I-frame with n=N(5) m=N(R}
| smapomese | Retransmitted I-frame

L_éL_J errored I-frame

Fig. 2: Example of HDLC, Balanced Mode of Operation

It should be noted that our definition of the virtual transmission time is not
equivalent to the commonly used "effective transmission time", which is
usually defined from the first transmission of a message until its successfull
receipt at the other station. Due to the specific kind of the error recovery
mechanisms of HDLC, ABM, the latter definition cannot be used for our purposes.

By the introduction of the virtual transmission time we have obtained a modei
wherein the I-frames consecutively ("virtually") occupy the transmission
channel. Therefore, we are now able to approximately determine the transfer
time by using well-known results from the theory of M/G/1 queueing systems
(Varkov1un input, Generally distributed service times, 1 server), if we
succeed in determining the distribution function (or a sufficient number of
moments) of the virtual transmission time.

1) FCS error: transmission error within an HDLC frame detected with the
aid of the 16-bit Frame Checking Sequence (FCS).

Sequence error: condition at the receiver when an I-frame is received
error-free (no FCS error) but contains a send sequence
count N (S) that is not equal to the receive state
variable.
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The mean transfer time t,. of messages from Station A to Station B can thus be
determined with the aid &f the well-known Pollaczek-Khintchine formula LR

2

A E[TS]
= B[ ]+ A Y (1)
2(1 - AAE[TV]) '

te

Therefore, the main problem we are faced with is to determine the first tw
moments of the virtual transmission time, if we are interested in the mean
transfer time of messages. ‘ ‘

3.2.2 Virtual transmission time

Since the HDLC-controlled information flow over the link is a very complex
process we are only able to derive approximate results for the virtual trans-
mission time. Our goal is to take into account alil those effects which through
our simulation results turned out to have the major impact. Besides the
traffic conditions on the link there exist mainly two effects which may in-
fluence the virtual transmission time: transmission errors and the modulo value
determining the maximum number of simultaneously outstanding (unJvknowleaaod)
I-frames. A detailed simulation study of HDLC contrclied data Tinks, where

the information exchange phase of HDLC, ABM was implemented in full detail
showed, however, that under our assumptions (constant I-frame length, no
propagation delay) the modulo value (8 or 128) has no significant impact {]
Therefore, vie cowcentrate on the effect of transmission errors in determining
the virtual transmission time.

The following abbreviations will be used (c.f. Fig. 3):
(Let I-frame no.i be the frame for which the virtual transmission time
is derived.)

I : transmission time of an I-frame ( ={%+ 48 bit} / V in case of
‘ - modulo 8).

tS : transmission time of an S-frame ( = 48 bit/ V in case of modulo 8).

: duration of time-—out.

random time between end of transmission of the disturbed I-frame
no.i and either end of transmission of the first I-frame without

FCS error following the disturbed I-frame no.i, or end of trans-
mission of an RR command with P-bit=1, following a time-out.

—

T : random time between either end of transmission of the first
I-frame without FCS error following the disturbed I-frame no.1i,
or end of transmission of an RR command with P-bit=1 following
‘a time-out and start of retransmission of I-frame no.i.

-3

2) : random time interval between receipt of either the first I-frame
without FCS error following the disturbed I-frame no.i, or
of an RR command with P-bit=1 at Station B and start of
transmission of REJi or RRi,F.

res(

-

Tres(l) : random time interval between receipt of REJ i or RRi,F at
Station A and retransmission of I-frame no.i.

block error probability, probability that an I-frame is disturbéed

-
los)

) {2+48 bit}

(pg=1- (I-ppsy in case of modulo 8).
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Fig. 3: Compcnents of the virtual transmission time

Figure 3 shows an example of the various time components which make up the
virtual transmission time if the considered I-frame is disturbed two
successive times.

The time until the first retransmission of I- framo no.i is equal to tI+T JT

If the retransmitted I-frame no.i is again received with FCS error then no
REJ recovery is possible according to the rules of HDLC, but the error
situation has to be resolved by time-out recovery or P/F bit-recovery.

For our ana1ys1s we assume that in this case recovery is initiated by the
expiration of a timer. After Station A has timed out it transmits an RR-
command with the P-bit set to 1. In response to the received P-bit, Station B
transmits an RR-response with the F-bit set to 1. Upon receipt of this RR-

frame retransmission of I-frame no.i is initiated accord1no to the rules of
P/F-bit recovery.

Therefore, if I-frame no.i is disturbed N successive times (Nz1) its virtual
transmission time 1is composed as follows:

Tv = tI+Te+Tr+(N'1)(t1+tout+ts+Tr) + | (2)
N is distributed according to:
P (Nen) = (1-pg) pp" | (3)
From this it follows:
P Py | o
E[T,] = ~—~————-t + ppE[T.] + B [T ] + ———B—~(t0ut+t8) | (4)

T-pg T-py “Py
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, o
pp (1+pp) Pp

E[Tg] = (1+3pB)t§ + me[Téj e U w—«wE[Ti]
: 1“pB 1~pB
: P2 - p
. . B B e
+dtg pBE[le] + — t elr.] )
“Py .. 17Pp
p? ' b o
+2e[r ] ( ——t + —2-p[r ] )
1—pB 1 Pp
92 P2
+ 4 s e mlr] + —2,e(r ]? (5)
X r
(1-py) (1-pg)
with t =t + ot + ot

out I S

Although the time components T_ and T  are not independent in a strict sense,
eq. (5) can serve as a good approximafions because it is intuitively clear and
confirmed by our simulation results that their correlation is very small.

Herewith, it remains to determine the first two moments of Te and Tr"

Time component Te

As indicated in Fig. 3 the time component T_ begins at the end of transmission
of the disturbed I-frame no. i, The end of © T, is determined eithei by the
end of transmissicn of the first I-frame witholt FCS error folicwing I-Trama
no. i or the expiration of a timer. le assume for simplicity that a timer is
started every time an I-frame is transmitted. .

If we assume, that

6
Mtr gt © (M+1) &g (6)

then the distribution and the first two moments of Te can be written as

P(T <t) = 21(1~-pB)p:’B‘“1 P(T(x)<t) - S (7)
xX= . .
M+1 | -
e[z,] =x2i(1—pB)p§ Vel ol o e e (8
M+1 | -
E[Tél =xz1(1-93)p§ 1 E[Te(x)Z] * pg+1(tout+ts)2’ (9)

The time Te(x) is equal to T, given that I-frame no. i+x is the first I-frame
without FCS error following the disturbed I-frame no. i.

The tine betwecn end of transmission of I-frame no.i and end of transmission of
I-frame no. i4x can be conceived as the time gx until the xth departure oi a
customer from an [i/D/1 qucue measured from a “departure epoch, namely the end
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of transmission of I-frame no.i.
The distribution of £, has been derived by PACK [9] :

X1
1 - - .
mzo [ 1 QXmm(t)]‘ﬂm text, ; %20
Fx (B)=p (g, st)= (10)
o otherwise
where Qﬂ(t) is defined as :
. n n-k «kA(t—ktI) n-k=1
T=- ) A e (t-nt;) (t-ktq) / (n=k)
k=1 ‘ t>nt. ; n2o0
n(t) = R S (11)
O otherwise

The 7_in (10) are the steady-state probabilities of the queue length at the
depar@ure instants. They are given by

T ™ e m21
n o= ’ (12)
m aT preeed .
Ty =0
with
_ m iAAtI . m-i |
T, = (-t 1 e (midatp) /i) Aptp<d

i=o

In order to determine T_(x), we have to distinguish between two cases, as
indicated in Fig. 4, namiely :

[Ex gxstoutﬂ:I
Te(x) = (13)

Itout+ts gx>tout+t1

Using the definitions
t
P(Ey<t) = F () = é £ (t) at (14)
| t

P( Te(X)st ) = Gx(t) = [ gx(t) dt - (15)
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the following expressions for the.first two moments of Te(x) can be derived :

i

E[T,(x)] t g,

O~ 8

+
out

i

T 2
=[t%g

2
E[T, (x) 7] /

(t) dat

to + (ti—tS) Fy(t

S .
* - bl
+_Fxgxtl) - ¥ (t

out+tI)

0ut+ti

X(t) dt

2 2

t

-+

)

with

(t + {(t

out™s)
. - + *
2(t, +tp) Fh(t

® _ *x%
+ 2 xtI FX(XLI) 2 FX

FL(t) = [ F_(t) dt ;

out

out

+tI)

o

%
X

2
—<tout+t8) } Ex(t

¥R
)+ 2FX (tout+tl)

(th)

(t) = | F (t) dt

A_!_
out

t

(16)

)

(17)
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The functions F(t) and F}*(t) in (16) end (17) can be determined by integra-

ting Fx(t) two “times.

If we define Q;(t) = [Q (t)dt  and Q*x = | Q t)dt we obtain
x=1 x-1 .
(4 (1= T " X -
t(1- I ﬂm) + QX“m(t) T LZXti
, m=0 m=0
»* - — o - N
Fl(t) = flx(t) at = < (18)
e otherwise
,t2 X1 x=1 x
i . ' 2 <1“mioﬂm) * mio Qme(t) " tZXtI
Fiy (t) = [Fi(t) at = < (19)
. O . otherwise
Using the definitions
-, (E=kt.) n~k
_TAp I o
An,k(t) = e (t ktI)
- (t~kt1) n-k~1
Bn,k(t) = (n~k)LI e (t~kt.)
& -
An,k(t) = | An’k(t) dt (20)
®¥ . . ¥
An’k(t) = j An’k(i) dt
(t) =.j Bn,k( ) dt
% - —_
ey k(t) = [ Bf , (£) dt
' we can write :
n Ak
A
(1 - A (t) (t) t>nt
kZ1 (n-k) ! L2 (0] 1
Qn(t) = 4 (21)
O otherwise A
n X;fk N
rt - L —— t) - B t t2nt
o (n-k) ! [ 2n® = B ()] e
* —
Qn(t) = < (22)
LO otherwise
‘t2 § lg—k : J
(= - — () - B** (t) tznt
» 2 k21 (n-k)! Aok .
Q7 (t) = < (23)
n
otherwisce

LO
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C ok %% B %k
fThe functxona An K /\n5 5 n Ko Bn,k

the aid of the fc?xouxng recursive relations :

can be most efficiently computed with

* - o n-kox - | .
An,k(t) = AAAn,k(t) t AA Anm1,k(t) : o (24)
R 1w n-k _sx
A¥ () = - o nF (k) + BE A (b) (25)
n,k >\A n’k“ xA n ',}\ ]{,né{‘ifzfeno}
* . % nxk .
By x(B) =ty [An,k(t) +>AA AL (6)] (26)
K _ ’ % , ¥k
By p(t) =t [An’k(t) + Ay An,k(@)] | | (27)

By substituting egs. (24) to (27) into egs. (22) and (23) we can directly
evaluate the functions F* and F** according to eqs. (18) and (19). This

enables us to compute E[TC x)] and E[T, x)z] in eqs. (16) and (17), and hence
E[T ] and E[T 2] according® to eqs. (8)€ and (9).

Time component Tr

If we neglect the block error probability of S-frames, which is justified if
I-frames are con<1derab1y Tonger than S-frames, then the time component T
becomes (c.f. Fig. 3) :

T Toas(2) + tg + Tpoe(l) (28)

From this, the first and second moment of Tr are derived :
(2)] + t

E[T + E[T

E[Tr:l res. S res

24 2 2
Efrr} = E[TIQS(Z)] +otg + E[T res(1)]+

(1] ' (29)

(30)

+ ZE[TreS(Z)](tS+E[T (1)]) + 2tSE[TreS(1)]

res

In order to estimate the first two moments of Tres(z) and Tres(l)’ we assume

that the arrival times at station B of the first correct I-frame following
I-frame no.i or the arrival times of RR-frames with P-bit = 1 following a time-
out as well as the arrival times at station A of the REJ-frames or RR-frames
with F-bit = 1 are purely random. Then Tres(1> and Tres(z) can be considered

as residual 1ife times of a renewal process with constant intercvent times
(the transmission times of I-frames), if the channel is occupied. This
consideration leads to [8]

E[T

res (M ]= v(1) tI/2 (31)

2
E[Tres (1 ]= v t7/3 | (32)
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The quantity Y(1) represents the utilization of the channel from station A to
station B : '

| Y(1) = XAtI ' (33)
In case of extremely high block-error rates the accuracy of the values of
E[Tr] and E{Ti] obtained from eqs. (29) and (30) can be improved by taking into

account that the channel utilization grows due to retransmitted I-frames. In
these extreme cases it can be useful to increase Y(1) by adding the following
term Ye(l), which estimates the additional channel load due to errors :

Ye(i) = pBXAtI(1+ze+zr) . (34)
with |
. i-1
%e T i§1,1(1“p3)p3 1 (et 4 [ 17F g (gt 1
M (33)
+ (%+1)(1MPB)pB Frirq Eouetty)
2, = At + Aty - xAthi - (1—AAtI);§ (1-e AAtI) (36)

The quantities Zg and z,. represent estimates of the mean numbers of I-frames
with sequence errors transmitted during Te and Tr’ respectively.

The first two moments of Tres(z) are derived in the same manner.

e have now derived all gquantities necessary to determine the first two moments
of the virtual transmission time. Therefore, we are now in a position to
compute the mean transfer time of the messages, using eq. (1).

In Section 4 of the paper we  present numerical results demonstrating the
range of validity of our approximate solution by a comparison with simulation
- results.

3.3 Buffer holding time analysis

In addition to the transfer time derived above, a second time is of some
interest : the buffer holding time, namely the time that messages remain in the
buffer of a sending station. The knowledge of this time is necessary for a
proper dimensioning of the send buffer.

As indicated in Fig. 5 the buffer holding time T) comprises the transfer time
of messages plus an additional delay Tack necessary for sending back the
positive acknowledgment : '

T =T

b= T¢* Tack (37)

If the expectation of Tb

E[T,] = to + E[T (38)

ack]

were known then the send buffer Toad Yb (mean number of messages in the send
buffer) could be easily determined :

Y, = Ay E[T,] | (39)
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Case (i) : Channel B to A is idle

Case ﬁii) ¢ Channel B to A is occupied, but station B has no additional

I-frame to send afterwards

Case (iii) ¢ Channel. B to A 1is occupied, and station B has additional

I-frame to send

Fig. 5 : Derivation of the acknowledgment time

The expectation of the acknowledgment time T ck can be determined as follows
(c.f. Fig. 5) :

When an I-frame has been correctly received at station B (i.e. without FCS and
sequence error), then three different situations must be distinguished (see
the definitions of the probabilities T in eq. (12) ) :

(1) With probability Ty = 1-Y(2) the channel B to A is idle. Then the recei-
ved I-frame is acknowledged by using an S~frame (e.g. RR-command/
response).

(i1)  With probability my = [eY(2)~l][1~Y(2)] the channel B to A is occupied,
but station B has fo additional I-frames to send afterwards. In this
case, the received I-frame will also be acknowledged with the help of
an S=frame

(111) With probability l-my=m; = l-e' (%) [1-¥(2)] the channel B to A is occu-

pied and station B has additional I-frames to send. Then the received
I-frame is acknowledged by setting N(R) of the next I-frame sent by
station B to one plus the value N(S) of the received I-frame.

Therefore, the mean acknowledgment time can be estimated by :

v(2 2 ;
B[t ] = [=v@] e P e+ 14 T2 4y (2)X (D ¥ (D¢ (20)

This expression neglects a possible small prolongation of the acknowledgment
time in case of transmission errors., The comparisons with simulation results

in Section 4 of the paper demonstrate that this simpiification causes no
sensible error,
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3.4 Throughput analysis

o

In this section we briefly describe the analysis of the saturated case, where
we assume that the message queues in both directions are never empty. The
interesting performance value in this case is the throughput, i.e. the number
of information bits being successfully transmitted over the Tink per unit of
time. Again the following results are valid for one direction of transmission.
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Fig. 6 : Components of the virtual transmission
time for the saturated case.

Using the same techniques as in the preceding sections we arrive at the
following formulae fTor the various components of the virtual transmission
time in the saturated case (c.f. Fig. 6) :

M+1 -1 M+1 | ,
E[T,] = (1-pg ) (I-py) 'ty + py  tg (41)
EB[T.] = t; + tg | (42)
2 2
- 1+Mp jo) . Pn
B B B ,
E[r ] = P ty + - tg * pBE[Tel + — ElT,] (43)

Herewith, the throughput T of information bits per unit of time is given by :

T=2/E[T)] (44)

4, CALCULATION AND SIMULATION RESULTS

Here we present typical numerical results obtained by the analysis described
in Section 3. Since the results are approximative we compare them to values
obtained by the simulation of a data link model according to Fig. 1. Within
the simulation program the information exchange phase of HDLC, Asynchronous
Balanced Mode with the optional function REJECT was implemented in full detail
[4]. A1T1 sinulation results are shown with their 95% confidence intervals.
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4,1 Saturated case

Figure 7 shows the throughput of information bits in case of saturated queues
relative to the transmission rate as a function of the message length, i.e.
the Tength of the I-field of the frames. In case of no errors the normalized
throughput follows, of course, the ratio of & and Vt,;. For non-zero error rate
the throughput curves show distinct maxima, which arc typical for Tink control
procedures empioying ervor detection and retransmission strategies [10]. The
explanation of this behavior is obvious : For short message lengths the block-
error probability is low but the relative overhead due to the flag, address,
control, and frame checking sequence bits is high. For Tonger messages the
relative overhead decreases but the block-error probability and thus retrans-
mission activity increases.

A comparison of calculation and simulation results shows that our approximation
yields very accurate results for short message lengths, whereas it tends to
slightly overestimate the throughput for long messages. In spite of this
inaccuracy it can be generally observed that the location of the maximum
throuchput value is rather precisely given by our approximation.
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Fig. 7 : Throughput/Transmission rate vs message length.

4,2 Non-saturated case

Here we consider the more realistic case, that the transmission channelsare
only Toaded corresponding to a fraction of their full capacity. Figures 8
and 9 represent the mean transfer time relative to the transmission time of
an I-frame as a function of the useful channel load for two different values
of the message Tength, 1000 bit and 5000 bit, respectively. '
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vs useful channel load (message length = 1000 bit)

The useful channel Toad Yu corresponds to that portion of the total channel
load which is caused by “the successfull transmission of information bits :
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vs useful channel load (message length = 5000 bit)

The duration of the time-out was chosen as the transmission time of three

I-frames.

The block-error probability p,, i.e. the probability that an I-frame is dis-
turbed varies between 0.01 and 0.1,

It should be noted, that even in case of an abnormally high block-error pro-
bability of 0.1 our analysis yields rather precise results.
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Figure 10 shows the mean buffer holding time relative to the transmission time
of an I-frame as a function of the useful channel utilization for a message
length of 5000 bits and three different values of the block-error probability.
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Finally, Figure 11 represents the mean transfer time of messages vs the ‘
message length for two fixed values of the throughput : 30,000 and 15,000
information bit/sec, respectively. The parameters of the transmission channel
have been chosen as follows : transmission rate 50 kbit/sec, bit-ervror rate

10"5, tout=3t1' The curves show distinct minima which can be globally explained

by the large relative overhead per I-frame (flag, address, control, FCS field)
for short messages and the increase of the virtual transmission time for long
messages. The latter effect is caused by three reasons : (i) the real trans-
mission time increases, (ii) the block-error probabiiity increases, and (ii1)
the error vecovery takes longer. A comparison of Figures 7 and 11 shows that
the minimum transfer times are obtained for sionificantly shorter nmessagas
than the maximum throughput values., This should be taken into account when
choosing the parameters of a specific application,
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5. CONCLUSIONS

The major conclusions drawn from this wnveSLig3%1ﬂr are:

It is p0€31b1e to evaluate the perfeormance of the Balanced Class of Procedures
of HDLC xor a wide range of “opiwcai1ong by using a rather simple queueing
model. The k@y to the a;<T/s s is the introduction of the "virtual trans-
mission time", defined in Section 3.2.1,

Comparisons of our anailytic findings with results obtained from the simulation
of a data 1ink, where the protocol was fully Tﬂ?!”‘CHLGdg 1u1cate that our
approach comprises the major effects which determinz the protoco] performance,

Two . findings are particularly interesting: First, the virtual transmission time
of the I-frames depends not only on their real transmission time and the
error-rates of the channels but also on the traffic intensities in both
directions of the link, This fact has not been taken into consideration in
former studies of related Tink control procedures, although it may have a sig-~
nificant impact on performance. Second, throughput as well as mean transfer
time show cistinct optimum values, dep eud11g on the I-frame length, however,
the optima are usually located at different values of the I-frame length.

This shoula be taken into account when designing actual protocols,
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