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Abstract—We propose JitSeer, a long horizon prediction 

method for the delay variation of IP packets; i.e., jitter. In 
designing JitSeer, we directed our attention to similarities 
between delay variation, which is the variation of one-way delay, 
and volatility in finance, which is the variation of financial asset 
return. From a time series view, the similarities are that both 
vary over time, and during some periods they swing quickly 
while in other periods they stay calm. Based on these similarities, 
the delay variation is modelled with a GARCH model, which is a 
time series model originally developed in econometrics to capture 
the dynamics of volatility. Then the model predicts the future 
multi-step-ahead delay variation. Experimental results obtained 
from operational mobile networks show that the prediction 
accuracy of JitSeer is better than that of conventional methods; 
its prediction accuracy for the next 10 seconds is 74% over 3G 
and 88% over LTE. 

I. INTRODUCTION 
Mobile networks such as 3G and LTE cellular networks 

have become a dominant form of Internet access due to the 
recent rise of smartphones [1]. In mobile networks, the delay 
variation of IP packets [2], which is called jitter [3], fluctuates 
drastically [4] since the wireless access network experiences 
rapidly changing link rates due to radio interference and 
occasional instantaneous outages. Most current network 
applications which cope with the delay variation attempt to 
ensure quality of service based on feedback control [3][5] 
using past measurements of delay variation. Unfortunately, 
the feedback control is applied only after the fluctuation of 
delay variation, when the user experience has already been 
degraded. Thus, ensuring quality of service remains a 
challenging problem. 

If long horizon (e.g., the next 10 seconds) prediction of 
future delay variation can be realized, network applications 
will have a long preparation time (i.e., up to the next 10 
seconds) before the anticipated fluctuation of delay variation, 
and can take action based on the prediction results. Thus, long 
horizon prediction will help ensure quality of service. 

In this paper, we propose JitSeer, a multi-step-ahead (i.e., 
long horizon) delay variation prediction method. In designing 
JitSeer, we directed our attention to similarities between delay 
variation, which is the variation of one-way delay, and 
volatility [6] in finance, which is the variation of financial 
asset return (i.e., relative price changes). In JitSeer, the delay 
variation is modelled with a generalized autoregressive 
conditional heteroskedasticity (GARCH) model [7], which is a 

time series model originally developed in econometrics [8] to 
capture the dynamics of volatility. Then the model predicts the 
future multi-step-ahead delay variation. 

Although there are a few conventional methods for delay 
variation prediction [9][10], these methods have been 
evaluated only through simulations and their prediction 
accuracy over real networks has not yet been validated. 

The main contributions of this paper are: 
• We shed light on the similarities between delay variation 

and volatility, and propose a multi-step-ahead prediction 
method for delay variation based on a GARCH model. To 
the best of our knowledge, our method is the first attempt 
to apply a GARCH model to predict delay variation. 

• We extend a standard GARCH model by introducing a 
correction term in order to improve its prediction accuracy. 

II. APPLICATIONS USING PREDICTION OF DELAY VARIATION 
In this section, we enumerate the wide variety of potential 

applications using predicted results of delay variation: 
(1) Jitter buffer control in VoIP: Feedback-based jitter buffer 
control [11] can be improved through delay variation 
prediction. In current feedback-based VoIP applications over 
mobile networks, the jitter buffer length fluctuates rapidly and 
widely due to a large delay variation, and this degrades speech 
quality. If long horizon (e.g., the next 10 seconds) prediction 
can reliably indicate an increase in delay variation, the jitter 
buffer length can be extended gradually. Thus, jitter buffer 
starvation can be avoided. Note that the jitter buffer extension 
will add to latency. However, since the next 10-second 
interval will generally contain plenty of speech and silent 
segments, a waveform reconstruction mechanism [12] at a 
receiver which cooperates with the jitter buffer control should 
enable a more natural speech pitch. Thus, the latency impact 
can be mitigated. 
(2) Routing algorithms based on delay variation: In current 
delay-variation-based routing algorithms [13], a route is 
selected based on delay variation feedback. A route with less 
delay variation can instead be proactively selected using the 
predicted delay variation. 
(3) Omen detection of packet loss:  Increased delay variation 
can be an omen of packet loss [4][14]. Thus, the loss-based 
congestion avoidance algorithm of TCP [15] as well as the 
adaptive rate control of video and/or audio based on loss 
events [5] can use the predicted delay variation to take 
anticipatory action. 
(4) Forward error correction (FEC): In existing adaptive FEC 
[16], the degree of redundancy is decided based on feedback 
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regarding the packet loss rate. Thus, omen detection of packet 
loss through the predicted delay variation can improve the 
degree-of-redundancy decision algorithm. 

III. RELATED WORK 

A. Prediction of Network-Related Metrics 
Although much prior work has been done on predicting 

network-related metrics, the work has mainly focused on 
throughput [17]–[19] and end-to-end delay [19]–[24], and the 
prediction of delay variation has not received enough attention. 
Note that, in the TCP’s retransmission timeout calculation 
[25], the future round-trip time (RTT) is not predicted, and the 
current smoothed RTT is merely estimated. Also note that 
RTT cannot be converted to one-way delay variation due to 
the asymmetric nature of the one-way delay between uplinks 
and downlinks in cellular networks [26]. 

B. Delay Variation Prediction 
There are a few existing methods for delay variation 

prediction. In [9], an autoregressive (AR) model is used to 
predict delay variation. Since [9] is the most closely related 
method to JitSeer, we compare these two methods in Section 
VI. In [10], a neural network method is used to predict delay 
variation. Since this method requires a huge amount of 
learning datasets and a huge number of iteration times to train 
the neural network, the method is extremely difficult to run in 
our environment. Thus, we cannot compare the method of 
[10] with JitSeer. Note that these existing methods have been 
evaluated only through simulations [9][10], so their prediction 
accuracy over real networks has not yet been validated. 

C. Prediction with a GARCH Model 
In recent years, several GARCH-based prediction methods 

[27]–[30] have been proposed in the area of IP networks. 
However, these methods do not predict delay variation. 

IV. DELAY VARIATION AND VOLATILITY 
In this section, we explore the relation between delay 

variation and volatility. 

A. Definition of Delay Variation 
In [3], the definition of delay variation is standardized, and 

it is compatible with [2]. In Fig. 1, a sender transmits IP 
packets to a receiver. Let tS  denote the sending time for a 
packet t  and tR  denote the receiving time for packet t . For a 
pair of packets 1−t  and t , the difference tD  in packet spacing 
at the receiver compared to that at the sender for the pair of 
packets is then defined as 
 )()()()( 1111 −−−− −−−=−−−= ttttttttt SSRRSRSRD . (1) 

Clock synchronization is not required to obtain tD . If the 
value of tD  is greater than zero, the transmission duration of 
packet t  is longer than packet 1−t . The definition of delay 
variation tJ , also called interarrival jitter, is standardized as  
the smoothed absolute value of  a time series of tD  [3]. More 
specifically, tJ  is computed with an exponentially weighted 
moving average (EWMA) where the smoothing factor is 1/16: 

 
Fig. 1.  Difference of packet spacing between the receiver and the sender 

 
Fig. 2.  Similarities between delay variation and volatility 
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B. Similarities Between Delay Variation and Volatility 
We find similarities between the packet spacing difference 

tD  and financial asset returns. Fig. 2 summarizes the analogy. 
A time series of tD  for one of our IP packet traces measured 
over an operational 3G network is shown in Fig. 3a. In the 
packet trace, UDP/IP packets were transmitted every 20 ms 
( 1−− tt SS  = 20 ms), so the minimum value of tD  is limited to 
−20 ms (when two packets arrived back to back; i.e., 1−− tt RR  
= 0 ms). Although the time series of tD  normally moves 
within the range of ± 20 ms, jumps over 100 ms occur 
frequently. Fig. 3b shows a time series of daily returns of the 
S&P 500 index (a representative U.S. stock market index) 
over the period 1992–2006, as an example of asset returns. In 
Fig. 3b, a value of 0.03 corresponds to a one-day increase in 
the index value of 3%. 

The first similarity we found is that in both time series there 
are periods where values swing quickly and other periods of 
relative calm. In Fig. 3b, 1997–2002 is a swing period, and 
1992–1996 and 2003–2006 are calm periods. In econometrics, 
this phenomenon is called volatility clustering [6]. 
Interestingly, in Fig. 3a, the packet index range 400–1500 
(roughly) is a swing period, and the 1–400 and 1500–2000 
ranges are calm periods. Thus, we can visually observe 
volatility clustering in the time series of difference tD . 

The second similarity is the time varying standard deviation. 
Fig. 3b shows volatility as well as daily returns (the 
computation procedure for volatility is given in Section V-A). 
In econometrics, volatility is defined as the conditional 
standard deviation of financial asset returns [6]. This 
definition is supported by the plot in the figure, which shows 
that the volatility was strongly correlated with the variation of 
asset returns. Fig. 3b also shows that the volatility (i.e., 
conditional standard deviation) varies over time, a property 
called heteroskedasticity (i.e., variance heterogeneity) in 
statistics [6]. Since the delay variation tJ  in Fig. 3a is the 
smoothed estimate of difference of packet spacing tD , we 
consider tJ  to be a standard-deviation-related statistic. 
Interestingly,  since the delay variation tJ  varies over time in 
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Fig. 3.  Time series of (a) difference of packet spacing (top) and (b) daily 
returns (bottom). Both exhibit volatility clustering and heteroskedasticity. 

Fig. 3a, we also observe heteroskedasticity in the delay 
variation tJ . 

V. PROPOSAL OF JITSEER 
In this section, we show how delay variation is modelled 

and predicted with JitSeer. 

A. JitSeer Based on a GARCH Model 
Observing the similarities of volatility clustering and 

heteroskedasticity inspired us to design JitSeer, a multi-step-
ahead delay variation prediction method. The key idea of 
JitSeer is to model delay variation tJ  as the volatility (i.e., 
conditional standard deviation) of the difference in packet 
spacing tD  using a generalized autoregressive conditional 
heteroskedasticity (GARCH) model. We believe the GARCH 
model is suitable for modeling delay variation tJ  because the 
GARCH model was originally developed to capture the 
dynamics of volatility which is characterized by volatility 
clustering and heteroskedasticity. The input to JitSeer is the 
time series of difference tD  and the output is a multi-step-
ahead prediction of delay variation tJ . 

In econometrics, a GARCH model whose order is p  and q , 
referred to as a GARCH( qp, ) model [7], is given by 
 tttt DED ε+= − ][1 , (3) 

 1][,0][,i.i.d.~,0, ==>= ttttttt zVarzEzz σσε , (4) 
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In Eq. (3), tD  is daily return, ][1 ⋅−tE  represents conditional 
expectations at time 1−t , and tε  is a random variable. Thus, 

tD   is  divided  into  ][1 tt DE −   which can be calculated at time 
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Fig. 4.  Example of the differences in packet spacing, delay variation, 
volatility and corrected volatility 
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Fig. 5.  Scatter plot of delay variation and volatility. While the thick chunk 
looks flatter than the regression line, the computed slope is close to 1. 

1−t  and tε  which is unpredictable at time 1−t . In Eq. (4), tσ  
is volatility and tz  is a strong white noise process. In Eq. (5), 
the squared volatility 2

tσ  at time t  is comprised of the 
squared random variable 2

it−ε  all realized by time 1−t , the 
squared volatility 2

jt−σ  all realized by time 1−t , and the 
parameters of the GARCH model (ω , iα  and jβ ). To capture 
the dynamics of volatility clustering and heteroskedasticity 
correctly, the parameters are estimated with quasi-maximum 
likelihood estimation (QMLE). We do not have space here to 
describe the QMLE procedure, but it is described elsewhere 
[31]. After this procedure, the squared volatility 2

tσ  can be 
computed with Eq. (5). 

In JitSeer, tD  in Eq. (3) is not the daily return but the 
difference in packet spacing as defined in Eq. (1). We use a 
GARCH(1,1) model in JitSeer since [32] presents evidence 
that it is difficult to find a volatility model, including variants 
of GARCH and higher order models, that outperforms the 
simple GARCH(1,1). Thus, Eq. (5) is simplified to 
 2

1
2

1
2

−− ++= ttt βσαεωσ . (6) 

Our choice of GARCH(1,1) drastically reduces the 
computational load since the order selection procedure, which 
is a complex task, becomes unnecessary. Moreover, the 
QMLE for parameter estimation is simplified since only ω , α  
and β  need to be estimated. This is important since a heavy 
load should be avoided in multimedia applications. 

B. Extension of the GARCH Model with a Correction Term 
Fig. 4 shows an example of volatility tσ , computed 

through QMLE and Eq. (6), along with one of our packet 
traces (a different one from that in Fig. 3a). Delay variation tJ  
computed with Eq. (2) is also depicted. As expected, tσ  and 

tJ  are correlated. This can be attributed to both EWMA and 
the GARCH model working as a kind of low-pass filter. 
However, there is a gap between tσ  and tJ , and the width of 
this gap seems to be constant. To verify this, a scatter plot of 
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tσ  and tJ  is shown in Fig. 5, along with a line showing the 
linear regression. In this example, the slope of the line is 1.034 
and the intercept is 3.236 ms. Since the slope is close to 1, it is 
reasonable to assume the distances between tσ  and tJ  are 
almost constant throughout the time series. 

Since the future delay variation is predicted based on past 
volatility tσ  in JitSeer, we consider it advantageous to bring 

tσ  close to tJ . To this end, we introduce a correction term Ĉ  
to the standard GARCH(1,1) model: 
 ∑ −−=

t
ttC

CJC 2)(minargˆ σ . (7) 

The correction term Ĉ  corresponds to the intercept of the 
linear regression line and can be computed by the ordinary 
least squares (OLS) method. In the above case, Ĉ  is 3.236 ms. 

With Eq. (6) and (7), volatility tσ  is corrected to 

 Cttt
ˆ2

1
2

1 −++=′ −− βσαεωσ . (8) 

The corrected volatility tσ ′  is shown in Fig. 4 and successfully 
overlaps the delay variation tJ . 

C. Multi-Step-Ahead Prediction of Delay Variation 
Assume the model parameters are estimated over the time 

period Tt ,,2,1=  and the current time period is T . 
According to [31], in a standard GARCH(1,1) model, the 
future h -step-ahead ( ,2,1=h ) delay variation prediction 

hT +σ  can be computed as 

 ∑
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where 2
Tε  and 2

Tσ  are the fitted value computed from the 
GARCH(1,1) model. In JitSeer, the corrected prediction hT +′σ  
is 
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Fig. 6 shows hT +σ , hT +′σ  and the actual future delay 
variation hTJ + , i.e., the correct answer to hThTJ ++ ′= σˆ  
( ,2,1=h ). The horizontal line in the figure represents the 
long run level to which the corrected prediction hT +′σ  will 
eventually settle down. The long run level is the unconditional 
standard deviation σ  [31] minus Ĉ : 
 ( ) CC ˆ1ˆ −−−=− βαωσ . (11) 

Thanks to the GARCH feature that captures the volatility 
and the correction term Ĉ , the long horizon prediction of 
JitSeer successfully hits the actual future delay variation. 

VI. EXPERIMENTAL EVALUATION 
We evaluated JitSeer and conventional predictors with 

packet traces measured over operational mobile networks. 

A. Conventional Predictors for Comparison 
The following predictors are compared with JitSeer. Fig. 6 

shows the prediction of the following predictors. 

1)  Naïve predictor: The prediction hTn +  ( ,2,1=h ) for 
any period equals the last observed delay variation TJ : 
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Fig. 6.  Example of multi-step-ahead predictions 

 ThThT JnJ == ++
ˆ . (12) 

2)  EWMA predictor:  Another straightforward method is to 
predict the future delay variation based on the last observation 
of difference TD  using EWMA directly [33]. A multi-step-
ahead prediction is simply computed with 

 TTTT eDeJ
16
15||

16
1ˆ

11 +== ++  (13) 

in a recursive manner. However, the predicted results are far 
from the actual future delay variation, as shown in Fig. 6, 
since the prediction hTe +  converges to || TD  which is often 
much higher than TJ . Thus, we exclude this method from 
comparison with JitSeer. (Note that if || TD  and Te  are 
replaced with TJ  in Eq. 13, the method becomes equivalent to 
the naïve predictor.) 

3)  AR(8) predictor:  In [9], an 8th-order AR model is used 
to predict the future delay variation as 
 781011

ˆ
−++ +++== TTTT raraarJ  (14) 

where 810 ,, aaa  are the parameters of the model. The AR(8) 
model is fitted to the observed delay variations tJ . A multi-
step-ahead prediction is computed with Eq. (14) recursively. 

B. Experimental Setup 
In our experiments we used five UDP packet traces. Traces 

1–2 were measured by us using Android smartphones 
(Qualcomm 1.5 GHz dual-core CPU, 1 GB RAM) over 3G 
and LTE networks of Japan’s primary mobile operator. The 
durations of these traces were 440 s and 176 s, respectively. 
UDP packets (packet size: 44 kB) were transmitted every 20 
ms to emulate adaptive multi-rate (AMR) VoIP traffic as is 
suitable for mobile networks [34]. We also used traces 3–5 
obtained from [35] where packets were transmitted over a 3G 
network of Italy’s primary mobile operator [36]. The 
durations were 117 s, 111 s and 112 s, respectively. UDP 
packets (packet size: 64 kB) were transmitted every 10 ms. 
Fig. 7 shows the difference tD  and the delay variation tJ  of 
each trace. 

Each method ran on a Windows PC (Intel Core 2 Duo 1.4 
GHz CPU, 3 GB RAM), read a trace and predicted offline. In 
JitSeer and AR(8), the past 3,000 packets (60 s in traces 1–2 
and 30 s in traces 3–5) were used for parameter estimation 
(including Ĉ ), and parameter re-estimation was done every 50 
packets  (1 s in traces 1–2 and 0.5 s in traces 3–5)  to catch up 
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Fig. 7.  Difference of packet spacing and the delay variation of traces 1–5. 
Only packet index 1–8,000 (160 s in traces 1–2 and 80 s in traces 3–5) is 
shown. 

to changes in the network conditions. Each method computed 
500-step-ahead ( 500=h ) predictions (10 s in traces 1–2 and 5 
s in traces 3–5) for every packet. Thus, the rolling prediction 
was executed from packet index 3,001 to the end of the trace. 
After the rolling prediction throughout the trace, we computed 
the prediction accuracy in percentage TA  based on mean 
absolute percentage error (MAPE), which is the most 
commonly used metric for percentage error [37]: 
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where tĴ  is the prediction of each method ( hTTt ++= ,,1 ). 

C. Experimental Results 
The mean of TA  from the 50-step-ahead to the 500-step-

ahead predictions throughout each trace are shown in Figs. 8 
and 9. Overall, our JitSeer outperformed the other methods. 
The prediction accuracy of JitSeer ranged from 76% to 90% 
for  50-step-ahead  predictions  and  from   66%  to   88%  for 
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Fig. 8.  Prediction accuracy for traces 1–2 (Japanese mobile networks) 
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Fig. 9.  Prediction accuracy for traces 3–5 (Italian 3G networks) 

500-step-ahead predictions. While the prediction accuracy of 
JitSeer declined for longer prediction horizons, the rate of 
decline was gradual.  In traces 1–2, the prediction accuracy for 
the next 10 s was 74% over 3G and 88% over LTE.   The next 
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Fig. 10.  Standard deviation vs. prediction accuracy in each trace. We raised 
the level of each standard deviation (+40 ms) to put it into the 40–90 range. 

best performing method was the naïve predictor, whose 
prediction accuracy ranged from 53% to 84% for 500-step-
ahead prediction. The AR(8) predictor was less accurate 
overall.  Its prediction accuracy ranged from 42% to 68% for 
500-step-ahead predictions in 3G networks. 

D. Discussion 
Our analysis of the relation between the degree of 

fluctuation of tD  and the prediction accuracy revealed that tD  
in traces 3–5 was more unstable than in traces 1–2 (Fig. 7), 
and the overall prediction accuracy for traces 3–5 was lower 
than that for traces 1–2. We therefore compared the standard 
deviation of tD  throughout each trace and the prediction 
accuracy for the next 5 s in each trace. Fig. 10 shows negative 
correlation between the standard deviation and the prediction 
accuracy of the naïve and AR(8) predictors. However, since 
the prediction accuracy of JitSeer remained higher for traces 
4–5 despite the large standard deviation, we believe JitSeer is 
more robust than other predictors to the fluctuation of tD . 

VII. CONCLUSION AND FUTURE WORK 
JitSeer is a long horizon method based on a GARCH model 

to predict the delay variation of IP packets. Experimental 
results over operational mobile networks show that the 
prediction accuracy of JitSeer exceeds that of conventional 
predictors; its prediction accuracy for the next 10 seconds was 
74% over 3G and 88% over LTE. 

In future work, we will conduct larger scale experiments 
spanning longer durations up to several months. 
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