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Large-scale video conferencing services incur significant network cost while serving surging global demands.
Our work systematically explores the opportunity to offload a fraction of this traffic to the Internet, a cheaper
routing option offered already by cloud providers, from WAN without drop in application performance. First,
with a large-scale latency measurement study with 3.5 million data points per day spanning 241𝐾 source cities
and 21 data centers across the globe, we demonstrate that Internet paths perform comparable to or better
than the private WAN for parts of the world (e.g., Europe and North America). Next, we present Titan, a live
(12+ months) production system that carefully moves a fraction of the conferencing traffic to the Internet
using the above observation. Finally, we propose Titan-Next – a research prototype that jointly assigns the
conferencing server and routing option (Internet or WAN) for individual calls. With 5 weeks of production
data, we show Titan-Next reduces the sum of peak bandwidth on WAN links that defines the operational
network cost by up to 61% compared to state-of-the-art baselines.
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1 Introduction
Conferencing services such as Microsoft Teams[7], Zoom[10], DingTalk[2], and Google Meet[3]

have become an indispensable part of our society, especially since the COVID-19 pandemic. How-
ever, the skyrocketing growth in demand[8] has also resulted in higher costs incurred by such
services[16, 50]. Usually, such large-scale conferencing services use dedicated Media Processor
(MP) servers [16, 50]) in cloud data centers (DCs) that receive media streams (audio, video, and
screen-share) from users, process, and redistribute them. The cloud providers’ private WANs (wide-
area networks) have been the default choice [13, 16] to carry traffic between users and the MP
servers. With such routing, the conferencing traffic ingresses into and egresses from the WAN

Bhaskar Kataria and Rahul Bothra did the work at Microsoft Research, India.
Contact Information: bk478@cornell.edu, rohangandhi@microsoft.com, debopamb@microsoft.com.

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the
full citation on the first page. Copyrights for components of this work owned by others than the author(s) must be honored.
Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires
prior specific permission and/or a fee. Request permissions from permissions@acm.org.
© 2024 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM 2834-5509/2024/12-ART33
https://doi.org/10.1145/3696404

Proc. ACM Netw., Vol. 2, No. CoNEXT4, Article 33. Publication date: December 2024.

https://doi.org/10.1145/3696404
https://doi.org/10.1145/3696404
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3696404&domain=pdf&date_stamp=2024-11-25


33:2 Bhaskar Kataria et al.

closest to the user (not the MP server) thus consuming significant WAN resources and inflating the
operational cost for the application. Cloud providers have started providing the Internet routing
option [5, 6] that allows application traffic to ingress/egress closer to the cloud (MP) server, thus
reducing the WAN load. This Internet routing option is significantly cheaper than WAN (by up
to 53% [5, 6]) motivating us to explore if a fraction of the conferencing traffic could leverage this
routing option, without affecting user experience, thus reducing operational network cost.

First, we shed light on the performance of the Internet versus WAN routing for Microsoft Azure
– one of the largest hyperscalars. While both network loss and latency can affect user experience,
the former is mitigated to some extent through application layer mechanisms such as [15, 41]
while the latter is harder to tackle since it is a more fundamental impediment to interactivity. To
understand if we can leverage Internet paths to reduce costs of conferencing services without
affecting application performance, we measure latencies using the WAN and the Internet routing
options. Our measurements are piggybacked on Microsoft Teams (MS Teams) – a large-scale
conferencing service. MS Teams is hosted on Azure; so, we measure latency to Azure. We run
3.5 million measurements/day (average) for 12 months from 241𝐾 cities (distinct population centers)
across the globe to 21 Azure DCs. Our measurements show that the Internet offers latency as good as
WAN or even better in parts of the world – especially in Europe (including UK) and North America.
In rest of the paper, we use WAN to denote private WAN of Azure, and Internet as public Internet.
Such an observation is promising to move some of the WAN traffic to the Internet to reduce costs.
We proceed in two phases: (1) We move a fraction of the WAN traffic to the Internet prioritizing
safety over optimality without changing MP DC assignments to calls. To that extent, we built Titan
that has been in production for the last 1 year. (2) We built Titan-Next as a research prototype
that further reduces traffic on WAN through joint assignment of MP DCs and Internet routing.

Next, we present Titan – a system that carefully moves a fraction of the total MS Teams traffic to
the Internet. A key concern with Internet offload is that MS Teams consumes significant bandwidth,
andmoving all of its traffic to the Internet can result in network congestion and poor user experience.
Measurements through ping are too lightweight to gauge capacity on the Internet. Titan moves
traffic to the Internet iteratively. In each iteration, it increases traffic on the Internet and measures
the latency, loss, jitter and other network and application metrics. The iterations terminate when a
subset of the metrics indicates early signs of deteriorating performance. Also, We prioritize safety
as we stop moving traffic to the Internet after certain point even if there is no deterioration in
performance. In this paper, we present the design of Titan and our experiences with moving large
amounts of live MS Teams production traffic to the Internet (§4) with Titan for the last 12+months.
Finally, we present Titan-Next. Titan focuses on choice of routing given the selection of MP

servers to calls is fixed. We do even better using Titan-Next by jointly optimizing the MP selection
and routing based on the Internet capacity calculated by Titan. Titan-Next is based on three key
ideas: (𝑎) The MP DC selection and the routing option need to be jointly optimized as the former
has bearing on choosing latter. (𝑏) Interactivity of the call depends on maximum end-to-end latency
between participants. Our results show that the participants are sensitive to this metric. Hence, it
should be considered while making assignments. (𝑐) Titan-Next reduces call migrations using
reduced call configurations, which is an abstraction for the resource needs of a call (§6.2).

Titan-Next formulates a Linear Program (LP) that uses these key ideas to jointly determine the
MP DCs and routing options for calls. Titan-Next is a research prototype that currently works in
a shadow mode alongside Titan (live in production) and computes the potential savings of doing
assignments differently than Titan. We evaluate Titan-Next using 5 weeks (4 weeks of training
data + 1 week for evaluation) of call traces from production with 𝑂(10 million) calls on a weekday.
We compare Titan-Next against Titan, Weighted Round Robin (WRR) and Locality First (LF)
baselines similar to policies used in production. Our results show that: (𝑎) Titan-Next can reduce

Proc. ACM Netw., Vol. 2, No. CoNEXT4, Article 33. Publication date: December 2024.



Saving Private WAN 33:3

the sum of peak bandwidth across WAN links by up to 61%, (𝑏) Titan-Next achieves end-to-end
latency close to LF which specifically optimizes for latency. (𝑐) It can cut down the number of call
migrations (details in §6.2) across DCs by up to 66%.

This work does not raise any ethical issues.
2 Background
2.1 Primer on conferencing services

MS Teams and other large-scale conferencing services (CS) are known to host large volumes of
calls globally generating 100s of Gbps of traffic. Each call is assigned a Media Processor (MP) server
hosted on a cloud data center (DC) (called cloud region). Each participant in a call could generate
up to 3 distinct streams – audio, video, and screen-share, which are sent to the MP server, which in
turn processes and forwards the streams to other participants in the call. For capacity, availability,
and performance reasons, a large-scale CS usually has MP servers hosted in multiple DCs globally.
2.2 Problem: MP DC selection and routing
The key problem in MS Teams is to determine the MP server for each call along with routing

option for each participant, while balancing the user experience and costs. Such a problem has
four aspects: (a) Resource provisioning: MS Teams is a first party CS with access to compute
and network resources from Azure. Due to its scale, high uptime requirements, MS Teams requires
vast compute and network resources1 that cannot be met through uncertainty of pay-as-you-go
models. MS Teams rather provisions dedicated compute (MP) servers in advance. On the other hand,
network bandwidth is more readily shareable with other Azure services. Therefore, though the
network is provisioned in advance based on the anticipated need of all services including MS Teams,
the billing is done based on the peak usage of individual services. (b) MP DC selection: based on
the resources provisioned, MS Teams needs to assign MP DC for each call. Such an assignment
needs to take into account the DC-wise compute provisioning, the geo-distribution of the call
participants, and call experience. (c) Route selection: while MS Teams uses cloud provider’s WAN,
as we show in the next sections, the Internet provides performance comparable (or better) than
WAN for some parts of the world. Thus, MS Teams needs to determine the routing option (WAN or
Internet) for individual participants on a call. (d) MP selection: Once the MP DC is selected for a
call, MS Teams needs to select the actual MP server in that DC to host the call.
Switchboard [16] efficiently addresses (a) and (b) assuming control of the amount of resources

provisioned. In this work, we jointly do (b) and (c) assuming the resources are already provisioned.
We use state-of-the-art load balancers for (d).

Metrics of interest: The key metrics of interest for MS Teams are: (a) User experience: user
experience is sensitive to network latency, loss, and jitter[47]. MS Teams and conferencing services,
in general, tackle jitter to a large extent using jitter buffers [15], and network loss (to certain extent)
through error correction and error concealment [15]. (b) Compute and network costs: Compute
comprises the MP servers in DCs that are already paid for. MS Teams currently uses Azure’s
WAN where the network cost depends on the peak usage (similar to [16, 30]). Azure is one of the
largest cloud provider, and MS Teams is among the top services by traffic rate in Azure. Thus, it is
imperative to reduce network cost for MS Teams.
2.3 Internet versus WAN routing

WAN has been a default choice to route the traffic between the cloud VMs and the users in Azure.
Large cloud platforms including AWS, Azure, and GCP have started offering an alternate Internet
routing option, which customers/services could opt for. This is essentially hot-potato routing –
egress (likewise, ingress) traffic exits (enters) the Internet closest2 to the hosted service (Fig.1).
1MPs have no/minimal storage requirements. They primarily process and re-distribute streams.
2Usually, multiple transit provider options; BGP picks one.
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Fig. 1. WAN versus Internet routing. Using
WAN routing, the traffic from MP exits the
WAN closest to the user (cold-potato). Using
Internet routing, the traffic exits the WAN
closest to the DC (hot-potato). Cloud provider WAN
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Fig. 2. Comparing latencies for WAN and Internet for 21 Azure DCs in 5 different continents. Negative
difference indicates Internet is better. We label latency = RTT. The legends denote the DC locations.

Internet paths are cheaper than WAN up to 53%[5, 6], e.g., GCP charges $0.15 and $0.075 for data
transfers per GB[6] using WAN and Internet respectively for Singapore region. This observation
motivates us to investigate if a fraction of the MS Teams traffic can be moved to cheaper Internet
paths while not compromising on the user experience. Additionally, as MS Teams peak traffic on
the WAN is reduced, it provides more bandwidth for other services and reduces long-term capacity
provisioning. Lastly, our study makes it evident that the Internet also provides a fall-back option to
WAN. We discuss in §4.2 how Internet paths could augment WAN capacity during fiber cuts.
3 Internet paths good enough?

We discuss measurement results contrasting the latency of the Internet and WAN paths.
Methodology: We setup 42 VMs (virtual machines; 2 per DC) in 21 Azure DCs (see Fig.14

Appendix) across the globe. In each DC, one VM uses the Internet path and the other VM uses
the WAN path. Both VMs host HTTPS servers that serve a 1×1 image (with some metadata)
upon receiving requests from clients. A load-balancer assigns client requests to one of the 42
VMs using round-robin scheduling. MS Teams has multiple 100 million monthly active users. Our
latency measurements span 12 months (from June 2023 to June 2024) thus capturing ∼1.2 billion
measurements. The data is anonymized to remove any Personally Identifiable Information. For each
test, the VM (location known) logs the timestamp of the test, /24 masked client IP address, and the
request round-trip time (RTT). The client’s IP address is translated offline to the client’s country,
city, and ASN using a proprietary geolocation database having high accuracy. The RTT takes into
account only the GET request/response round-trip and disregards any HTTPS connection setup
time. We refer RTT as "latency" for all further analyses. Table 3 (Appendix) shows the statistics.

Latency analysis: For each hour, we calculate the median latencies between each client country
and MP DC pair over Internet and WAN (we also consider finer granularity like ASN instead of
country at the end of this section). We take the difference (Internet minus WAN) for these hourly
median values from each client country to each MP DC. We choose hourly medians (a) to have
sufficient data points, and (b) as median values are well suited for comparison betweenWAN and the
Internet. Also median is a good indicator of expected value in non-normal distributions and resilient
to outliers [13, 40]. Fig.2 plots the CDFs of differences for DCs in 5 continents across all client
countries for 7 days in June 2024. These results cover source and destination pairs comprehensively
around the globe. The key observations are:

(1) In 33.73% cases, Internet is strictly better than WAN.
(2) In 23.98% cases, Internet is worse than WAN by only up to 10 msec.

Proc. ACM Netw., Vol. 2, No. CoNEXT4, Article 33. Publication date: December 2024.



Saving Private WAN 33:5

Mexi
co US

Can
ad

a
Braz

il

Colo
mbia

So
uth

 Af
ric

a
Eg

yp
t

Nige
ria Ind

ia
Jap

an

Ph
ilip

pin
es

Sin
ga

po
re

Aust
ral

ia UK

Germ
an

y
Fra

nce

Neth
erl

an
ds Ita

ly
Sp

ain

Sw
ed

en
Pol

an
d

Sw
itze

rla
nd

Client Country

Australia

Canada

Hong Kong

Netherlands

SA

US

De
st

in
at

io
n 

DC
0.52 0.58 0.51 0.44 0.47 0.28 0.59 0.55 0.62 0.28 0.55 0.54 0.70 0.60 0.53 0.54 0.53 0.54 0.36 0.76 0.58 0.54

0.64 0.72 0.65 0.46 0.60 0.46 0.52 0.68 0.30 0.57 0.64 0.54 0.50 0.60 0.52 0.60 0.54 0.45 0.39 0.84 0.54 0.59

0.54 0.62 0.59 0.54 0.56 0.22 0.36 0.62 0.61 0.63 0.70 0.65 0.67 0.33 0.43 0.31 0.39 0.44 0.36 0.56 0.37 0.45

0.56 0.64 0.67 0.34 0.59 0.54 0.60 0.60 0.60 0.54 0.23 0.14 0.27 0.77 0.76 0.71 0.81 0.64 0.61 0.79 0.70 0.75

0.68 0.71 0.70 0.66 0.67 0.67 0.70 0.47 0.62 0.66 0.61 0.63 0.68 0.73 0.75 0.72 0.72 0.69 0.70 0.82 0.68 0.69

0.64 0.74 0.70 0.68 0.60 0.49 0.65 0.56 0.48 0.59 0.71 0.59 0.53 0.68 0.64 0.66 0.67 0.49 0.41 0.85 0.54 0.60

Fig. 3. Fraction (F) of times Internet provides better or comparable (within 10 msec) latency compared to
WAN. SA denotes South Africa and US denotes the United States. Darker shade means higher F.

(3) In 19.61% cases, Internet is worse than WAN with a latency inflation between 10 and 25 msec.
(4) For the remaining 22.68% cases, WAN latency is better than Internet by more than 25 msec.
As detailed in §5.2, user experience does not degrade substantially with a small increase in

latency – we set thresholds to 10 msec and 25 msec accordingly.
Zooming in further: Next, we deep dive into understanding the Internet routing low-latency

opportunity for different geographic regions by quantifying the fraction (𝐹 ) of times (when consid-
ering hourly median values for 1 week) Internet paths offer latencies lower than or comparable
(≤10 ms inflation) to WAN paths from different client countries to destination DCs. Fig.3 plots the
heatmap for paths between 22 countries (spanning 5 different continents; top 20 by call volume and
2 from Africa) and 6 DCs from 5 continents (Orange triangles in Fig.14). The key observations are:

(1) Internet paths often offer lower or comparable latencies in the North America (NA) – Europe
corridor. 𝐹 = 41-85% for Europe to NA and 64-74% for NA to Europe paths.

(2) Europe is well connected (low latency) to European and South Africa DCs over the Internet.
(3) Internet routing between Europe and the DC in Hong Kong performs poorly (𝐹 = 31-56%).
Internet routing a viable option: Internet performs well due to the well-provisioned trans-

Atlantic fiber connectivity[9] offering similar latency choices to the Internet andWAN. Additionally,
Internet provides better performance in some cases due to richer availability of peering points[13].
Stability:We repeat the above experiment with data collected for a week but 6 months in the

past (Jan’24). We observe that, in 6 months, the Internet has become slightly better for the NA -
Europe corridor, while the broad trends hold true. The figure is available in §A.6 (Fig.19).
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Fig. 4. Difference in 𝐹 between different
granularities and granularity = country.
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Long-term trends: For both the Internet andWAN paths
between the 20 countries (top; by call volume) and all DCs,
we measured the weekly median latencies for the weeks sep-
arated by 12 months. We found that in 80+% cases latencies
have improved for both types of paths. The Internet paths
see slightly greater improvements. More details are in §A.4.
Clustering using city and ASN (instead of country):

Fig.3 shows the fraction (𝐹 ) when we cluster the measure-
ments at the country granularity. We do similar analyses at
the clustering granularity of cities, ASNs, and city + ASNs.
For ASN (similarly other) clustering, we take the weighted

difference compared to clustering using country. The weights are the fraction of measurements for
each ASN in the country (more details in §A.5). The results (fraction 𝐹 ) do not change significantly
compared to the country-level granularity (difference bound to 8% at 𝑃50) as shown in Fig.4.
In summary, Internet latency is better or comparable to WAN in parts of world. Also, the

measurements are stable and the insights hold true even at the granularity of countries thus making
us cautiously optimistic about moving a fraction of the MS Teams traffic to the Internet.
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4 Titan: Moving calls to Internet
Based on the latency measurements in the previous section and the observation that Internet

routing provided sufficiently good latency for MS Teams, we select the client countries and MP
DCs in Europe as candidates to move some of the traffic to the Internet. In this section, we detail
Titan – our system that carefully moves a fraction of the traffic from WAN to the Internet without
hampering user experience. Titan has been in production for the last 12 months.
4.1 Determining fraction of traffic to move
The key challenge when moving MS Teams traffic to the Internet is that we do not know the

capacity of such paths in advance. Naïvely moving all MS Teams traffic to the Internet could cause
network congestion and, hence, a poor user experience. We prioritize safety over optimality – we
stop moving traffic to the Internet, even if there is no performance degradation. Our design for
carefully moving traffic involves the following key elements.
(1) Granularity: Titan moves traffic to the Internet at various levels of granularity, from a

small number of users, metro, ASN to the country level. As MS Teams is among the top services on
Azure with 100s of millions of users, we cautiously start with a fraction of small communities of
MS Teams users and move fraction of an entire country if the performance is acceptable.

(2) Variable traffic allocation: For each combination of client country and MP DC, we typically
increment 1-3% (based on domain knowledge) of the traffic, at a time, to the Internet. After each
move, we monitor the performance metrics for a few days for stability and make quick adjustments
(detailed next) after observing negative effects. Otherwise, we repeat the process, moving more
traffic for the pair to the Internet. We currently stop at 20% based on operational expertise. Each
MP DC is connected to Internet via multiple transit providers. When calculating % movement: (a)
we consider the minimum capacity available on Azure links peering with the transit providers. (b)
we assign different priorities to client countries (based on source traffic volume) and split available
(minimum) capacity across client countries depending on their priorities. We observe for a longer
duration to maintain and assess the stability of the chosen path. By waiting longer, we can monitor
the performance even during changes on Internet outside Titan, and to ensure that MS Teams has
sufficiently high performance during such changes.

(3) Quick reaction to poor performance:We continually monitor the network metrics as calls
progress. We also collect MOS (Mean Opinion Score; user feedback) with a 5-point likert scale at the
end of a subset of calls. We decrease/stop moving traffic to the Internet when performance criteria
for some of the network/application metrics (including network latency, loss or jitter, or application
MOS) are not met. We do so instantaneously. We also reduce oscillations when determining traffic
to be moved to the Internet by waiting for longer duration. We only move the traffic if Internet
provides good performance for longer durations.
While determining points of congestion on the Internet is a challenging task (and a subject for

further study), we have a few knobs to react to poor performance quickly: (a) If a large fraction
of calls over the Internet in a client country – MP DC mapping shows moderate performance
degradation across some of the metrics (e.g., P50 packet loss ≤ 1%, latency inflation ≤ 10%), we
decrement traffic on Internet for that client country – MP DC pair. (b) emergency breaks: If there
is a severe performance degradation (e.g., P50 packet loss ≥ 1%, rare), we reroute traffic over the
WAN., (c) If only a few users are facing problems, we move them selectively to WAN as detailed in
§6.4. (d) If high degree of unavailability is observed from one MP DC to a transit ASN, network
automatically mitigates by failing over to alternative transit peer. Also poor performance might
not be because of the traffic offload, it just indicates that the Internet might not be good enough for
user experience. If mitigation is not complete due to some constraints, we will detect the anomaly
and failover to the WAN.
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(4) Traffic to be moved:With Titan, we randomly select the call participants to be assigned
the Internet paths, constrained by the fraction chosen for the client country and the target MP DC.
Such an assignment easily scales to millions of daily calls. However, as we show in the next section,
Titan-Next further improves the cost and performance compared to Titan.

Using Titan, we moved substantial traffic to Internet, saving substantial costs.
Overall, the Titan system involves a combination of A|B testing, performance analysis, rule-based

control, and the ability to adapt dynamically based on network conditions.
4.2 Titan production findings

We now detail our production experiences while moving large-scale traffic fromWAN to Internet.
(1) The Internet has worse loss (in general): We pick 3 DCs in Europe (Ireland, Netherlands,

and France) for which a fraction of the MS Teams traffic is moved to the Internet, and log the
average loss reported by RTP [44] (using missing sequence numbers) for each call participant in
Europe. For each client country-MP DC pair, we find the hourly median loss for 7 days between 5𝑡ℎ
and 11𝑡ℎ June’24. Fig.5 shows the CDFs of hourly median loss for traffic between the 3 DCs and all
client countries in Europe over WAN and the Internet. While it is evident that loss rates are low
(≤ 0.01%) for a large fraction of both the Internet (average of 44.9% across DCs) and WAN paths
(49.2%, likewise), the Internet paths have higher loss rates at the tail. For ∼10% cases, the Internet
paths could experience at least 0.1% loss, while such loss over the WAN is almost non-existent.
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Fig. 7. Loss, RTT vs. fraction of traffic on Internet
between the UK users and Netherlands DC.

(2) The Internet has more loss spikes: Fig.6
shows the time series for hourly median loss rates
between the Netherlands DC and clients in France.
Internet paths have higher (up to 3×) and more fre-
quent loss spikes thanWAN, with the peak loss rates
for the latter limited to only 0.02%. While MS Teams
can mitigate loss to a some degree by using appli-
cation layer redundancy mechanisms, one should
be cautious in moving traffic to the Internet so as
not to risk performance degradation due to inflated

losses. The trends are similar for other client country – MP DC pairs as shown in Fig.15 (§A.2).
We measure the number of 30 minute timeslots over 7 days observing at least 0.1% (and 1%) loss
on Internet and WAN for all client countries – MP DC pairs in Europe. Fig.15 in §A.2 shows that
Internet has more frequent loss.
(3) Internet has higher jitter: We observed that the Internet has slightly worse jitter than

WAN up to 10%. We observed mean jitter of 3.4 msec and 3.52 msec for WAN and Internet paths
in North America region. Note that, MS Teams uses jitter buffers[15] and this additional jitter on
Internet does not affect performance. In addition to the jitter buffer, MS Teams also has redundancy
at multiple levels including the codec, which is why we did not face any issues with network jitter.
(4) The Internet is reasonably elastic: Fig.7 shows the loss and RTT vs. fraction of traffic

moved to the Internet between clients in the UK and the MP DC in the Netherlands. Note that, even
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Fig. 8. Benefits of joint optimization. There is a
call with users in Hungary with potential MP DCs
in France and Germany. Blue and red arrows indi-
cate WAN and the Internet paths; numbers indi-
cate latency (msec).
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when 20% of MS Teams traffic is moved to the Internet, neither packet loss rate nor latency shows
any systematic inflation. We repeat the same experiment for all client country – MP DC pairs in
Europe where we moved 20% traffic. The median change for latency and loss are 3 msec and 0.06%
(Fig.16 in §A.3). These results show that Internet is reasonably elastic for a large number of client
country – MP DC pairs, demonstrating Titan not adding significantly to the Internet congestion.
For some countries though, we could not use Internet due to poor performance even at smaller
shifts. Note that at fractions higher than 20% (not tried in production), there is a chance that we
congest Internet paths by routing substantial amount of traffic thus inflating loss and latency.
(5) When the Internet is not an option: We have observed Internet paths for some client

countries (e.g., Germany, Austria) with high (and unacceptable) loss even when a small amount of
traffic was moved. In such cases, we do not use the Internet at all. At the same time, for some MP
DCs, we have observed high transient loss from a few client countries, which was affecting user
experience. Thus, we stopped moving traffic to Internet for those MP DCs, and relied on the WAN.
(6) Congestion likely at the transit ISPs: We detected variations in performance across

transit ISPs between DCs and users (Fig.1). We observed higher packet loss along end-to-end paths
between an MP DC and multiple ISPs simultaneously. Such one-to-many loss patterns, with no
corresponding loss inflation observed at the DC or the WAN, hint at congestion at the transit ISPs.
We had to react to performance degradation by steering traffic to alternate transit providers.

(7) Internet as a scaling or fall back option: traffic got moved to Internet for example in
instances of surge of traffic for Teams while WAN capacity becomes available, or during capacity
crunch on the backbone in case of outage (e.g., fiber cuts).
Lastly, Titan can also be extended to third-party services. Like MS Teams, we could shift

traffic for any other service and monitor the performance. However, unlike MS Teams (first-party
service), we do not have visibility into application performance for third-party services. We need
the applications to report application-level performance. We leave it for the future work.
5 Joint assignment in Titan-Next
As quantified in the previous section, we can move a subset of the MS Teams traffic to the

Internet with fairly good performance. At the same time, the cost of using a WAN link depends
on the peak usage[16, 30]. Therefore, the total MS Teams traffic needs to be split across WAN and
Internet to reduce peaks on WAN (and operating costs) while not impacting performance.
Titan assumed that the MP DC assigned to the call is fixed (assigned outside Titan). Titan

calculates fraction of traffic on Internet paths, and simply assigns participants to Internet paths
randomly based on the fractions. However, MP DC assignments done outside Titan may likely be
unaware of the Internet offload opportunities and may make sub-optimal assignments (§5.1). We
build Titan-Next to make efficient use of the Internet paths by jointly assigning the MP DC and
the routing option to individual calls. We next discuss the two key ideas in Titan-Next.
5.1 Joint MP placement and routing
A strawman’s approach could be to use Switchboard [16] (based on locality) to first calculate

the MP DCs for calls and then move traffic to the Internet if such paths have capacity. However,
such a scheme may result in sub-optimal assignment as shown in Fig.8. Imagine a call with 2 users
in Hungary and potential MP DCs in France and Germany. The latencies for Internet and WAN
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paths are shown in the figure. Switchboard, synergistic to locality (nearest DC) may select the
DC in Germany by looking at the WAN latencies. Once this DC is picked for MP allocation, we
then move the call to the Internet if there is capacity. But this scheme will result in a latency of
30 msec. However, assigning the call to the DC in France with the Internet routing option could have
provided lower latency (25 msec) while reducing WAN overhead. Alternately, we may formulate
Switchboard to use the Internet paths when calculating MP DCs, and then move calls to use WAN
paths, which, similarly, is also sub-optimal. Thus, instead of assigning MP DCs and Internet routing
separately, in Titan-Next we jointly make such assignments toward minimizing WAN peaks. In
doing so, we continue to provide same bandwidth to the users at lower or comparable latency.
5.2 Optimizing for end-to-end latency
The experience of any two users engaged in a conversation depends on the end-to-end (E2E)

latency between them (e.g., 50 + 100 = 150 msec for users B and C in Fig.9). Under the assumption
that any two users can engage in a conversation during a call, the maximum E2E latency across all
participants determines the participant engagement and, hence, the user experience in such calls.
To understand the impact of max. E2E latency on user experience for MS Teams, we leverage

the MOS (Mean Opinion Score; user feedback) as a measure of the Quality of Experience seen by
the user (In contrast, [16, 47] do not show impact of E2E latency on MOS). MS Teams telemetry
also collects the latency between MP and the participant. Based on the latency reported for each
participant, we calculate the max. E2E latency and group all assigned MOS for 5 msec buckets of
max. E2E latency. Fig.10 shows the average MOS for increasing max. E2E latency. We select the
range of 50-250 msec as we have significant measurements (at least 1,000 points for each 5 msec
bucket). Note that MOS is collected at the end of a subset of calls and is heavily sampled. It can be
seen that: (a) For max. E2E latency under 75 msec, the impact on MOS is minimal indicating that
users are tolerant of E2E latency up to a certain extent. (b) The user experience degrades (mostly
linearly) with an increase in the max. E2E latency. Thus, service operators are keen to keep this
E2E latency low. We take max. E2E latency into consideration when assigning the MP DCs and
routing options to individual calls to bring users (virtually) closer and improve user experience.
6 Titan-Next design
Inputs: Titan-Next needs to assign the MP DC and routing option when the call starts, i.e.,

when the first user of the call joins3 based on the location (country) of the first joiner. If needed,
The MP DC and routing option could be changed later (§6.2).

The other inputs used by Titan-Next are: (𝑎) the numbers of available MPs in individual DCs
(fixed; discussed in §2.2), (𝑏) rich history (participant’s country, media types, time of the call;
anonymized) of calls to predict the peaks and make assignments accordingly, (𝑐) Internet path
capacities for each client country - MP DC pair as recorded by Titan, and (𝑑) WAN topology and
Internet peering points (MS Teams is a first party conferencing service with access to such details).

3We cannot do the assignments when the second or subsequent participants join as there are calls with single participant
that use other features of MS Teams (e.g., video recording, transcript) that requires MP assigned.
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Call config: We want to assign the MP DC and routing option for each individual call. To
do such assignments at scale, we borrow the notion of call configuration (call config, for short)
from Switchboard [16], which captures the resource requirements of calls through the number
of participants and media types of different calls. There are 10s of thousands of call configs in
a day – more details and analysis are in [16]. A call config comprises (1) the location (country)
of the participants, (2) participant count from each country, and (3) media type (audio, video, or
screen-share). A call can have any of the above media streams, but we assign call config using
the most resource-hungry media type (audio < screen-share < video). An example call config is
((France-2, UK-1), Audio) which represents all audio-only calls with 2 participants from France and
1 from the UK. All calls with the same call config are fungible – they have largely the same resource
requirement. The number of call configs is orders of magnitude fewer than the number of calls that
helps scale the LP (details in §6.3).
6.1 Titan-Next building blocks
Fig.11 shows the building blocks in Titan-Next. In a nutshell, Titan-Next pre-computes an

offline assignment plan, based on the expected (predicted) call demand. It uses such a plan to assign
calls at run-time. This way, using prediction, the offline plan can do the assignment to minimize
peaks in the network links. Titan-Next has five modules:
(1) Call records database: MS Teams records and stores some data (anonymized) for each

participant of the call including the start time, media type, time of the call, MP DC country, and
the latency experienced by the user (client-to-MP). Titan-Next uses these call records to forecast
demands as well as to calculate latencies of call participants.

(2) Call count prediction: Titan-Next assigns the MP DC and routing option for (reduced) call
configs (explained next). To do so, for each call config, Titan-Next uses Holt-Winters exponential
smoothing[4] to forecast the number of calls for the next 1 day at the granularity of 30 min timeslots.
Titan-Next predicts for the top 3,000 call configs covering 90+% of all calls (to finish prediction
quickly). For each 24 hour prediction with high accuracy (§8.3), we use 4 weeks of training data.

Call  count 
prediction

Offline 
precomputed 

assignment (LP)

Controller for
online assignmentCall

MP DC + routing 
option

Call config grouping

Call 
records DB

Network 
DB

Fig. 11. Building blocks in Titan-Next

(3) Call config grouping: The difference in MP
DCs assigned to call config vs. assignment using the
country of the first joiner may lead to call migra-
tion from one MP DC to another. To reduce such
migrations, we transform all calls to their reduced
call config and group all call configs falling into the
same reduced call config (discussed in §6.2).
(4) Offline precomputed plan: Using the fore-

casts, reduced call configs, and network database
consisting of WAN topology and Internet path capacity, this module assigns the pairs of MP DC
and routing option for each reduced call config for each 30 minute timeslots for next 24 hours. We
formulate it as a Linear Program (LP) to minimize the sum of peaks on individual WAN links (§6.3).
(5) Controller for online assignment: Given the pre-computed assignment from (4) above,

this module assigns the MP DC and routing option to each incoming call when the first participant
of a call joins. We use a combination of offline pre-computed plan and the country of the first
participant. Moreover, we might need to migrate the call to another DC if the initial assignment is
not according to the pre-computed plan. The controller is very fast when assigning the MP DC and
routing option and does not cause any performance degradation.
6.2 Reducing call migrations

Titan can make MP DC assignment using LP in Switchboard[16]. Imagine a call where the first
joiner is from Germany, and the LP has a pre-computed plan for both (Germany-2, Audio) and
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(Germany-3, Audio) call configs. Because the LP makes decisions for individual call configs, such
assignments might end up assigning different MP DCs for these two call configs. E.g., (Germany-2,
Audio) is assigned to Ireland and (Germany-3, Audio) is assigned to France. When the first user
joins, we do not know the call config (we only know the country of the first joiner). Yet, we need
to assign the MP DC, either Ireland or France. Let’s say we assign the call to Ireland and as the
call progresses, we realize that the true call config is rather (Germany-3, Audio) which ought to
be assigned to France to adhere to the pre-computed plan. Thus, we need to migrate the call from
Ireland to France. Such migrations are undesired as they result in user-perceived glitches.

We minimize migrations in Titan-Next using the following mechanism: we first transform call
configs to factor out the scale (number of participants from one country) from the distribution
(participants across countries in call config). In general, we transform the call config such that the
number of participants from each country in the call config has a GCD of 1. For intra-country calls,
we transform the call configs to just have 1 participant (e.g., (Germany-2, Audio) is changed to
(Germany-1, Audio)). We keep the resource requirement the same. E.g., let’s say there are 100 calls
with config (Germany-2, Audio). We transform it to 200 calls with config (Germany-1, Audio). We
call these new configs reduced call configs. We then group together all calls based on reduced call
configs (e.g., (Germany-2, Audio) and (Germany-3, Audio) are grouped together using the reduced
call config (Germany-1, Audio)). We do not group call configs across media types as they have
different network and compute requirements. The LP makes decisions at the granularity of this
reduced call config. Reduced call config does not affect the correctness of the LP as such configs
keep the resource demands unchanged. This way, we significantly reduce call migrations due to
differences in assignments for call configs from the same country. However, as detailed in §6.3 and
§6.4, we do not eliminate migrations due to differences in media types and for international calls.
Lastly, to migrate the call, we assign a new MP and have the clients connect to that MP. We

minimize glitches using redundancy in codec and jitter buffers.
6.3 MP and routing assignment

We now detail our LP to jointly calculate the MP DC and routing option for the reduced call
configs. The LP is shown in Fig.20 with notations described in Table 4 in Appendix.
LP objective: The objective of the LP is to minimize the sum of peaks on the WAN links

(leveraging Internet paths and MP DC selection). The peaks are calculated for 24 hours period. This
directly reduces network costs for MS Teams.

Frequency:We run the LP every 30 min (with fresh estimates) that calculates the assignments for
the next 24 hours (to make assignments aware of the daily peak) in 30 min time-slots. This approach:
(a) effectively reduces the WAN traffic peak while keeping traffic on the WAN during off-peak
hours and (b) by running every 30 min, it adapts the assignments to fresh information about the
fraction of traffic on Internet calculated by Titan. The LP does not have details about the run-time
conditions (loss and latency) for the participants on the individual calls apriori. Titan-Next adapts
to these run-time conditions as detailed in §6.4.

LP variable: The LP variable is 𝑋𝑡,𝑐,𝑚,𝑝 that indicates the number of calls for reduced call config
𝑐 in timeslot 𝑡 assigned to the MP DC𝑚 over the path 𝑝 . We have two options for 𝑝 for each MP
DC – the Internet vs. WAN. When assigned to WAN/Internet, the underlying routing algorithm
(outside the scope of Titan-Next) decides the path to the destination.

Constraints:We have five constraints as follows:
(𝐶1) Total number of calls: For each reduced call config 𝑐 and timeslot 𝑡 , we assign MP DC(s) and

paths (possibly multiple combinations) to all calls of that config.
(𝐶2) Compute capacity: For each MP DC, we assign the calls such that the total compute capacity

of the MP DC is not exceeded in each timeslot. The 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑈𝑠𝑒𝑑 () function (Fig.20) returns the
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compute required for 𝑐 based on its media type and the number of participants. 𝐶𝑎𝑝𝑡,𝑚 denotes the
compute available in the MP DC𝑚 in timeslot 𝑡 .
(𝐶3) Internet capacity: We assign𝑚 and 𝑝 such that the Internet capacity is not exceeded for

any of the Internet paths and timeslots. We calculate Internet capacity as the egress capacity times
fraction of traffic moved in Titan. We estimate the Internet path usage by multiplying the fraction
of calls to be moved to the Internet, the total number of participants, and the average network
usage per participant. The 𝑛𝑒𝑡𝑤𝑜𝑟𝑘𝑈𝑠𝑒𝑑 () function estimates the bandwidth consumed by 𝑐,𝑚, 𝑝
using its media type and the number of participants. Note that WAN is provisioned to handle all
MS Teams traffic even if no traffic is assigned to Internet. Thus, we do not have any constraint on
the WAN capacity. Going forward, we gradually reduce (or release for other applications) WAN
capacity as traffic is moved to Internet. We leave it for the future work.

(𝐶4) End-to-end (E2E) latency: We do the assignments so that average of max. E2E latency across
call configs is bounded. 𝐸2𝐸𝑙𝑎𝑡𝑒𝑛𝑐𝑦 () function returns the max. E2E latency given a combination of
𝑐 ,𝑚, and 𝑝 . We tried putting a bound on maximum of max. E2E latency for each call config, but we
observed that such a bound is stretched due to a handful of configs and is not useful for a majority
of the configs. Thus, we choose to use a bound on average of max. E2E latency across call configs.
(𝐶5) Denoting 𝑦𝑙 : This constraint ensures that 𝑦𝑙 is set to peak link utilization on WAN link 𝑙

across all timeslots. 𝑖𝑠𝐿𝑖𝑛𝑘𝑈𝑠𝑒𝑑 () denotes whether 𝑙 is used.
6.4 Real-time call assignment
Initial assignment: The precomputed plan above assumes full knowledge of the reduced call

config. We need to assign the MP DC and routing option when the call starts, i.e., when the first
user of the call joins. However, we do not know the full call config when the call starts. We address
this challenge as follows: recall that we transform each call config to a reduced version, and a
reduced call config can still have different assignments for different media types. For example,
(Germany-1, Audio) could be assigned to Ireland, while (Germany-1, Video) is assigned to France.
For a new call, we assume it as an intra-country call (such calls are in majority) and pick the most
recently used reduced call config based on the country of the first joiner. We then use all the counts
for each assignment (MP DC and routing option) calculated by the LP for that reduced call config
as weights and use weighted random to pick the assignment.
Migration to different MP and routing option: It may happen that even the reduced call

config turns out to be incorrect as the call progresses. Consequently, the choice of the MP DC
and routing option could also be incorrect. In such cases, we migrate the call across MP DCs and
routing options. To do so, we wait for 5 minutes (configurable) into the call for the reduced call
config to converge (e.g., initial call config = (Germany-1, Audio), while the converged call config =
((Germany-1, France-1), Video). If the MP DC and routing option for reduced call config (after 5
minutes) is different than the initial assignment, we migrate the call to the target assignment.

There are issues in handling surge in calls, or changing paths in real-time as discussed in §D.
7 Ideal: Oracle-based evaluation
We evaluate Titan-Next in this section and the next section. In this section, we assume that

we have a ground truth oracle that gives us the start times, participant locations, and media types
of all calls. We do this to decouple the impact of the prediction error and carve out the utility of
Titan-Next in oracular settings. Next, in §8, we evaluate Titan-Next using prediction output.
7.1 Metrics of interest

We have four metrics of interest: (a) Sum of peak network bandwidth (BW) on the WAN links: Peak
network BW (in Tbps) on individual WAN links impacts the network capacity to be provisioned on
those links to sustain such peaks. Additionally, peak network BW also drives the network costs[16].
Thus, we want to lower the sum of peak WAN BW. (b) Total traffic on WAN links: Peak network
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BW does not consider traffic during remaining non-peak times. Thus, we consider total traffic
on WAN links across time (peak and non-peak). (c) E2E latency: user experience depends on the
max. E2E latency (§5.2). Hence, we evaluate Titan-Next using such latencies. (d) Number of call
migrations: As mentioned in §6.4, we may need to migrate the call if the initial assignment of MP
DC and routing option is not according to the pre-computed plan. In this section (using a ground
truth oracle), the number of migrations is none as the call config is known as apriori. We relax this
assumption in the next section, where we assign the MP DC based on the country of the first user.
7.2 Evaluated policies

In addition to Titan-Next, we consider the following three baselines.
Weighted Round Robin (WRR): WRR[16] is easy and practical to implement, and optimizes

for compute by balancing calls over multiple MP DCs in the same region. We create buckets for
distinct combinations of MP DCs and routing options. Each bucket gets its weight based on its
share of compute and the fraction of calls on the Internet. When there are multiple countries in
call config, we pick the minimum fraction of calls from its countries. E.g., two DCs have compute
capacity as 10K and 20K cores. If the minimum (Internet) fraction for client countries to those DCs
are 20% and 15%, then we calculate capacities (weights) as 8𝐾 :2𝐾 :17𝐾 :3𝐾 for buckets. We select
{MP DC, routing option} bucket using such weights.

Locality First (LF): In this policy[16], we assign the MP DC and routing option so as to minimize
total latency. We formulate it as a Linear Program (LP). The LP variable is the same as used in §6.3.
The objective, rather, is to minimize the total latency. The constraints also match the constraints in
§6.3. We do not include end-to-end latency to avoid it affecting the objective (that anyway considers
latency). We also consider a variant that optimizes total max. E2E latency.

Titan: Titan selectsMPDC throughweighted random policywhere weights are set in proportion
to the number of cores in MP DCs. It then randomly selects calls from each source country –
destination MP DC pairs based on the capacity calculated in §4.
Titan-Next (TN):We use the LP described in §6.3 to jointly calculate the MP DC and routing

option using the oracular ground truth. We use COIN-OR[1] to run the LP.
Switchboard is not a baseline: (a) It provisions resources months in advance, while Titan-Next

works within already provisioned limits, and (b) it does not assign routing options or reduce
migrations. These are complimentary systems.
7.3 Data sources
(1) Latency:We use the latency between participant and destination countries obtained using

our measurements in §3, (2) Capacity of the Internet paths: We estimate the Internet path
capacities as derived in Titan (§4), (3) Number of calls per call config: Our telemetry framework
logs the number of calls per config. This data is used as the ground truth in this section.

For the evaluation (in this and the next section), we consider all calls that are contained within
Europe, i.e., where all participants of the calls are in Europe. Titan has been up and running in
Europe for many months with reasonably stable and tested Internet path capacity estimates.
7.4 Comparing WAN bandwidth

Reduced sum of peaks: Fig.12 shows the WAN sum of peaks bandwidth (BW) for each day of
a typical week. On weekdays, when the number of calls is high, Titan-Next reduces the WAN
BW by 24-28% compared to WRR, and 13-19% compared to LF. LF places the calls to the MP DCs
nearest to users, which in turn reduces the number of hops and WAN BW. However, it is not WAN
traffic peak aware. In contrast, TN is peak aware and picks the MP DCs and Internet routes for call
configs intelligently. The savings in TN are dominated by current limit on Internet offload (max.
20%). In reality, some countries had 5-15% traffic on Internet due to performance deterioration.
Moreover, some countries are yet to be flighted to Internet offload in Europe.
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Fig. 12. Sum of peak bandwidth (BW) on
individual links in WAN used by WRR, LF,
Titan and Titan-Next (TN), calculated each
day of the week (§7.4). The BW is normal-
ized to peak BW for WRR.

Total WAN traffic reduction:We see similar savings
for total WAN traffic (in PB) in TN with Internet offload
calculated by Titan. On weekdays, TN cuts the total
traffic by 24-28% and 13.5-18% compared to RR and LF
respectively.
Savings with only MP DC placement: Recall that

the gains in TN are due to: (a) using Internet paths, and (b)
using flexibility in selecting MP DCs. To dissect the gains,
in this experiment, we do not assign any calls to Internet
for TN only to evaluate the benefits from intelligently
assigning MP DCs only. We do so by setting the Internet

capacity to 0 in the LP. This way all the calls are forced to use WAN, while still benefiting from
flexibility in choosing the MP DCs. Note that we continue to use an objective to minimize sum of
peak BW on WAN. On weekdays, savings in TN compared to WRR and LF reduced to 16.7-20%
and 3-8%. These savings are purely due to MP DC selection. Remaining savings in TN compared to
previous experiment are due to Internet offload.

More savingswithmore traffic on the Internet:Asmentioned in §4, we are so far conservative
in calculating traffic on the Internet. In this experiment, we evaluate the savings with TN if we
were to hypothetically double the traffic on the Internet. To do so, we double the Internet capacity
for each path and rerun the LP. We observe that the savings in TN increase compared to the setting
with the original Internet capacities. TN reduces the sum of peak bandwidth by 27-38% and 17-26.5%
compared to WRR and LF respectively (weekdays). Interestingly, the savings in TN did not double
because we did not have enough traffic on some of the WAN links.
Table 1. Daily average of max. E2E latency across
calls (in msec) for WRR, LF, and Titan-Next.

Mean Median P95
WRR 82 - 86 75 - 78 120
LF 71 - 75 70 100 - 103

Titan-Next 74 - 80 70 - 76 103 - 122

LF using E2E latency: We consider a variant of
LF minimizing total max. E2E latency across configs.
We set the objective in LP accordingly and added a
constraint that WAN traffic is less than the capacity
on each link (similar constraint on the Internet paths
is unchanged). TN reduces peak bandwidth against

such a policy by 16-29% (weekdays).
While we discuss results for a specific week here, our broad observations hold true across weeks.

7.5 Comparing end-to-end (E2E) latency
Table 1 shows the daily average of max. E2E latencies across all calls for all three policies. WRR is

not optimized for latency. LF is specifically optimized for total latency. In contrast, TN is optimized
for network bandwidth (BW) (sum of peak BW on individual links) with a constraint on average of
max. E2E latency (𝐸 = 80 in Fig.20 for weekends and 𝐸 = 75 for weekdays). To provide the best
user experience, we keep the max. latency constraint that is feasible (where ILP does not run into
infeasibility). Despite TN not being optimized for latency, it achieves latency better than WRR and
slightly worse than LF. In TN, the network BW savings were roughly the same for all values above
those values of 𝐸. This shows that TN can significantly reduce WAN BW compared to LF with a
small permissible penalty in E2E latency.
8 Practical: Prediction-based evaluation

In this section, we do not assume ground truth information. We assign the MP DCs and routing
option using country of the first joiner as detailed in §6.4. The Titan-Next controller makes such
assignment using offline precomputed plan using the prediction output.
8.1 Evaluated policies
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Fig. 13. Sum of peak bandwidth (BW) on
individual links in WAN used by WRR, LF,
and Titan-Next (TN) calculated for each
day of the week (§8.2). The BW is normal-
ized to the peak BW observed for WRR.

We cannot use the WRR, Titan and LF versions from
the previous section, as they assume knowledge of the
ground truth. Hence, wemodify the baselines to select the
MP DC and routing option based on the location of the
first user. We evaluate: (1) WRR: We create the buckets
so that each bucket has a distinct combination of MP DC
and routing option. We assign the weights to the bucket
in the same way as described in §7.2, but they are based
on the country of the first user. (2) LF:We sort the MP DC
and routing option buckets in descending order based on
the latency from the country of the first joiner and pick
the first bucket with enough capacity. (3) Titan:We pick

the MP DC and routing option bucket using weighted random based on the country of the first
joiner. (4) Titan-Next (TN): We use the TN controller that performs real-time assignments using
a precomputed plan. We train the Holt-Winters time-series prediction model with 4 weeks of data
to predict the number of calls for individual call configs for the next 24 hours at the granularity
of 30 min. We feed the prediction output to the LP. We assign the MP DC and routing option
as described in §6.4. For all the policies, we ensure that traffic does not exceed WAN or Internet
bandwidth.
8.2 Comparing WAN bandwidth
Fig.13 shows the sum of peak bandwidth (BW) on WAN. TN reduces such BW by 55-61% and

38-44% on average compared to WRR and LF respectively. The key reason is that LF and WRR no
longer have prior knowledge of call configs; they do not know the future call demand. Thus, some
of the calls arriving early take the preferred slots while the later calls are assigned far away. TN is
peak-aware and uses flexibility in picking the MP DCs and routing options using call history.
8.3 Accuracy of prediction

Fig.18 (Appendix §B) shows the RMSE (Root Mean Square Error) and MAE (Mean Absolute Error)
in prediction using the Holt-Winters method. Recall that we predict the number of calls for call
configs (not reduced call configs). We measure the error for each call config, normalize it to the
peak values, and plot the CDF. This way elephant and mice call configs are treated equally. The
median errors are small – 4.9% and 10.6% for MAE and RMSE.
8.4 Reduction in migrations

Table 2. Percentage of calls that need to be migrated.
With call config With reduced call config

11-34% (average = 31%) 11-19% (average = 15%)

As mentioned in §6.4, we may migrate the
call due to differences in theMPDC and routing
option assignments few minutes into the call.
As discussed in §6.3, we can reduce the number

of migrations by using reduced call configs. We compare the volume of call migration needed with
and without this approach – in the former case we feed the reduced call config to the offline LP,
while in the latter case, we feed the call config as-is. We only consider inter-DC migrations (not due
to routing option changes) as they are more damaging. Table 2 shows that reduced call configs cut
down the migrations by 38-66% on weekdays (when the number of calls is high). We leave reducing
migrations further to future work.
8.5 Titan-Next overhead
The prediction block runs once a day, grouping and LP blocks run every 30 mins, and the

controller runs for each call. The prediction building block takes 1.2 – 4.7 seconds per call config.
The entire prediction finishes in ∼82 min on a single core. The prediction pipeline is embarrassingly
parallel and could span multiple cores to scale, as needed. The call config grouping is very fast
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(finishes in under a minute). The LP takes roughly 1 min. Lastly, the controller is again very fast
and assigns the MP DC and routing option within 1 msec per call.
9 Related work

Conferencing: Conferencing services such as Microsoft Teams[7], Zoom[10], Google Meet[3],
DingTalk[2], and others have received considerable community attention[18, 19, 31, 37, 50]. Some
of the recent work include: (a) resource management[16], (b) network condition based video
quality adaptation[35], (c) low latency video transport network[34, 38], and (d) codec and transport
collaboration[24, 54]. In contrast, Titan-Next focuses on intelligently reducing costs for these
services by leveraging the Internet.

The Internet vs. WAN: Prior works[13, 50] have analyzed performance of Internet and WAN.
Compared to/unlike [13], (1) we cover more DCs (11 vs. 21), (2) we have significantly more latency
measurements (88𝐾 vs. 3.5𝑀) spanning almost the entire globe (241𝐾+ cities), (3) our measurements
are piggybacked on MS Teams that report end-to-end latency observed by the individual users
([13] uses only 800 Speedchecker Vantage Points), (4) we measure loss and jitter using a large-scale
application (MS Teams) that provide measurements closer to what users actually experience, and
(5) we find that Internet’s performance is better than WAN for significantly larger fraction of
measurements. [50] analyzes network performance data for source-destination pairs from 11 DC
locations for 1 day. [50] does not reveal any information about the client and cloud location. Our
study has 21 DC locations and clients all over the world for close to a year. Unlike [50], we found
lower loss on Internet in Europe and North America regions motivating us to move traffic to
Internet. [17, 21, 39, 42] shed light on Internet performance. [33] focuses on comparing different
cloud providers. Titan-Next is orthogonal – it compares performance metrics for WAN vs. Internet
at a significantly larger scale, and uses the insights to select modalities for MS Teams traffic.

Leveraging multiple communication paths: [22, 50] are impressive works that (like Titan-
Next) use both WAN and Internet paths. [22] does not handle MPDC placement and [50] keeps
switching between Internet and WAN and we prefer not to do it to avoid packet reordering. [28, 51]
focus on consuming multiple paths using MPTCP. Such works are complimentary to Titan-Next;
they do not consider MP server and routing joint assignment. cISP[14] uses free-space speed-of-light
radio connectivity. SCION[48] argues for path-aware routing. Titan-Next leaves it as future work.

Traffic engineering (TE):Many of the TE solutions ([11, 12, 26, 27, 29]) work for WAN. [43, 52]
focus on TE for Internet. Such works do not have flexibility of choosing the end-points (MP DCs).
Server (MP) selection: Like MP selection problem in Titan-Next, prior work to study

server/DC/replica selection[20, 23, 25, 32, 36, 49, 53]. [45, 46] focus on replica selection to im-
prove the tail latency. In contrast, Titan-Next focuses on joint MP and routing option selection.
10 Conclusion
It is important for large conferencing services like MS Teams to continue offering a good user

experience at low costs. In this paper, through large-scale measurements spanning almost the
entire globe (241𝐾+ cities), we show that Internet paths provide similar or better latencies in many
parts of the world. We present: (a) Titan (running in production) that calculates the MS Teams
traffic that could be safely offloaded to Internet using latency measurements, and (b) Titan-Next
(research prototype) that jointly assigns the server location and routing option to MS Teams calls.
Together they cut down the WAN sum-of-peak bandwidth, which determines the network cost, by
up to 61%.
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Fig. 14. Locations of the 21Azure DCs used in
the measurements. Orange triangles denote
the locations of representative DCs used in
Fig.3.
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Fig. 15. CDF of packet loss across all client countries -
MP DC pairs in Europe.
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A Internet and WAN performance
A.1 Methodology details

Table 3. Scale of our measurements.
Geography Unique values

Avg. #measurements/day 3.5 million
Source country 244
Source city 241,777
Source ASN 61,675
IP subnets 4,731,110

Destination DCs 21

Fig.14 shows the locations of the 21 Azure DCs
used in measurements. The DCs are in spread across
5 continents. Table 3 shows the statistics of the mea-
surements. We conducted more than 1 billion mea-
surements in a year-long study.
A.2 Loss on Internet and WAN
In this experiment, we measure the number of

30 min time-slots over a 7 day period where the loss
on individual paths (Internet orWAN) is at least 0.1%.
Fig.15 shows the CDF for all (176) client country -

MP DC pairs in Europe. It can be seen that Internet has more frequent loss. 50% source - MP DC
pairs suffer loss of at least 0.1% on Internet for at least 2% time-slots. In contrast, 0.1% loss on WAN
is rare – the number of time-slots at 𝑃100 is bound to 2%.

We repeat the same analysis when the loss is minimum 1%. As expected, there are fewer time-slots
when the loss on Internet is ≥1% versus when loss is ≥0.1%. However, even in this case, Internet
still has more frequent loss compared to WAN.
A.3 Elasticity on Internet

Fig.16 shows the increase in latency and loss between different client country - MP DC pairs in
Europe as we increase the fraction of traffic on Internet from 1% to 20%. Note that the changes in
latency and loss are impacted by two factors: (a) traffic moved by Titan from 1% to 20%, and (b)
underlying infrastructure and routing changes outside Titan. Often, it is not possible to decouple
these factors as Titan takes a few months (multiple trial-and-error) to complete movement of
traffic to Internet, and it has no visibility into the ISP infrastructure. The negative latency difference
is likely because Internet infrastructure improved over a period of time. It can be seen that the
latency difference even at 𝑃90 is under 20 msec. Even for loss, the difference at 𝑃90 is under 0.01%.
Internet providers either have capacity available or are able to quickly add capacity as needed.
These results show that Internet is fairly elastic to accommodate increasing traffic from Titan.
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Fig. 17. Latency difference between 2 weeks sep-
arated by 12 months. Negative values = improve-
ments.
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A.4 Long-term trends:
For both the Internet and WAN paths between the 20 countries (top; by call volume) and all DCs,

we measured the weekly median latencies for the weeks that are ∼12 months apart. Fig.17 plots the
CDFs of changes in latency (new minus old; negative means improvement) for the Internet and
WAN paths. While for more than 80% cases latencies have improved for both types of paths, the
Internet paths see slightly greater improvements.
A.5 Impact of fine grained granularities
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Fig. 18. CDF of error (normalized to max
values).

Fig.3 shows the fraction (𝐹 ) of times (when consider-
ing hourly median values for 1 week) Internet paths offer
latencies lower than or comparable (≤10 ms inflation) to
WAN paths from different source countries to destination
DCs. To do such an analysis, we consider the clients at the
granularity of a country. However, one client country can
have different ASNs or cities with potentially different
performance (consequently different 𝐹 ). In this section,
we detail the difference in 𝐹 when considering differ-
ent granularities compared to granularity of country as

shown in Fig.4. Let’s consider granularity of city + ASN. Let’s say one country has 𝑁 combinations
of city + ASN, with fractions 𝐹 as {𝐹1 to 𝐹𝑁 }. The fraction 𝐹 for that country is 𝐹𝑐 . Similarly, the
fractions of number of measurements for individual combination of city + ASN to total number
of measurements for that country are {𝑤1 to𝑤𝑁 } (

∑︁
𝑖∈𝑁

𝑤𝑖 = 1). For each city + ASN combination,

we calculate the difference in 𝐹 compared to granularity of country as follows: The difference (𝐷)

is calculated as 𝐷 =

∑︁
𝑖∈𝑁

|𝐹𝑖 − 𝐹𝑐 | ·𝑤𝑖

𝐹𝑐
. We calculate 𝐷 for each client country - destination MP

country and plot 𝑃50 and 𝑃90 in Fig.4. It can be seen that difference 𝐷 is bound to 11% even at
𝑃90 for city + ASN. These results show that granularity of country performs similar to more fine
grained granularities such as ASN and city + ASN.
A.6 Stability
We perform the same analysis as in Fig.3 using data from a week in December’23 (6 months

apart). The results are shown in Fig.19. We find that, in general, the trends are similar as described
in Fig.3, while the North America - Europe corridor has improved slightly in 6 months.
B Accuracy of prediction
Fig.18 shows the CDF for accuracy of prediction in terms of RMSE (Root Mean Square Error)

and MAE (Mean Absolute Error) across 3,000 call configs. The Holt-Winters based prediction in
Titan-Next is fairly accurate with median errors of 4.9% and 10.6% for MAE and RMSE respectively.
95.6% (89.7%) call configs have normalized MAE (RMSE) less than 20%. For a small number of call
configs, the errors are relatively large due to unexpected change in the number of calls for such
configs.
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Fig. 19. Fraction of times Internet provides better or comparable (within 10 msec) latency compared to WAN.
We show for different source countries and 6 Azure DCs. SA denotes South Africa and US denotes the United
States. We use 1-week data from the month of December’23 that is 6 months apart from the dates used in
Fig.3.

Table 4. Notations used in the LP.
Notation Definition
𝑇 ,𝑀 , 𝐶 Set of timeslots, set of MP DCs, set of reduced call configs
𝐶𝑎𝑝𝑡,𝑚 Compute capacity of the MP DC𝑚 for the timeslot 𝑡 in terms of number of cores
𝐼 ,𝑊 Set of Internet paths and set of WAN links
𝑃 Set of all Internet and WAN paths. Each MP DC has one Internet and WAN path each

𝑁𝑡,𝑐 , 𝑁 (𝑁𝑡,𝑐 ) Number of calls for the call config 𝑐 for the timeslot 𝑡 , 𝑁 : total number of calls
𝐼𝑛𝑡𝑒𝑟𝑛𝑒𝑡𝐶𝑎𝑝𝑡,𝑝 Capacity (in Gbps) of the Internet path 𝑝 in the timeslot 𝑡

𝐸 Bound on the average of max. end-to-end latency across reduced call configs
(output) 𝑋𝑡,𝑐,𝑚,𝑝 Number of calls assigned to 𝑐-th call config to the MP DC𝑚 and path 𝑝 for timeslot 𝑡

(output) 𝑦𝑙 peak bandwidth used on the WAN link 𝑙

LP Variable: 𝑋𝑡,𝑐,𝑚,𝑝 Objective:Minimize
∑
𝑙∈𝑊 𝑦𝑙

Constraints:
𝐶1: ∀𝑡 ∈ 𝑇, 𝑐 ∈ 𝐶,

∑
𝑚∈𝑀,𝑝∈𝑃 𝑋𝑡,𝑐,𝑚,𝑝 = 𝑁𝑡,𝑐

𝐶2: ∀𝑡 ∈ 𝑇,𝑚 ∈ 𝑀 ,
∑
𝑐∈𝐶,𝑝∈𝑃 𝑋𝑡,𝑐,𝑚,𝑝 · 𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑈𝑠𝑒𝑑 (𝑐) ≤ 𝐶𝑎𝑝𝑡,𝑚

𝐶3: ∀𝑡 ∈ 𝑇, 𝑝 ∈ 𝐼 , ∑𝑐∈𝐶,𝑚∈𝑀 𝑋𝑡,𝑐,𝑚,𝑝 · 𝑛𝑒𝑡𝑤𝑜𝑟𝑘𝑈𝑠𝑒𝑑 (𝑐,𝑚, 𝑝) ≤ 𝐼𝑛𝑡𝑒𝑟𝑛𝑒𝑡𝐶𝑎𝑝𝑡,𝑝

𝐶4: 1
𝑁

·∑𝑡 ∈𝑇,𝑐∈𝐶,𝑚∈𝑀,𝑝∈𝑃 𝑋𝑡,𝑐,𝑚,𝑝 · 𝐸2𝐸𝑙𝑎𝑡𝑒𝑛𝑐𝑦 (𝑐,𝑚, 𝑝) ≤ 𝐸

𝐶5: ∀𝑡 ∈ 𝑇, 𝑙 ∈𝑊 , 𝑦𝑙 ≥
∑
𝑐∈𝐶,𝑚∈𝑀,𝑝∈𝑃 𝑋𝑡,𝑐,𝑚,𝑝 · 𝑛𝑒𝑡𝑤𝑜𝑟𝑘𝑈𝑠𝑒𝑑 (𝑐,𝑚, 𝑝) · 𝑖𝑠𝐿𝑖𝑛𝑘𝑈𝑠𝑒𝑑 (𝑐,𝑚, 𝑝, 𝑙)

Fig. 20. LP formulation for joint MP DC and routing option assignment. Notations are in Table 4.

C LP for joint MP DC placement and routing
Fig.20 shows the LP formulation for joint MP DC and routing assignment. The notations are

shown in Table 4. The details on the LP formulation are in §6.3. Next we detail the alternate
approaches we considered.
What did not work:Majority of the calls today are intra-country for MS Teams. We need to

assign all calls from the same country to the same MP DC to eliminate call migrations between DCs.
We formulated it as an ILP (Integer Linear Program) and the intra-country migrations did fall to
zero. However, the network savings also substantially diminished as calls could not be assigned to
multiple DCs to save network bandwidth. Consequently, we aim to reduce the number of migrations
in Titan-Next instead of eliminating them altogether.

Discussion: As shown in Fig.7 (and Fig.16 in §A.3), packet loss on the Internet does not increase
significantly as we increase MS Teams traffic on the Internet up to a certain extent. Also, real packet
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loss is known only when calls progress. Thus, LP does not consider packet loss during assignments.
Secondly, the LP assigns single routing option (either WAN or Internet) for all participants of the
same call. Without this condition, LP size increased substantially and could not finish in timely
manner. Lastly, we don’t split traffic from same participant across WAN and Internet links to avoid
adverse effects at the receiver, especially for out-of-order packets and the jitter buffer. We leave
such traffic splitting for future work.
D Other issues in real-time call assignment
Handling surge in calls:We have rarely witnessed sudden high jump in calls. In such cases,

MP servers are to be scaled accordingly. If we witness calls for which LP hasn’t assigned capacity,
we assign MP DC closest to the first joiner of a call that has enough capacity.

Migration to a different route: Recall that LP based assignment is offline – it does not know
the real-time conditions of the Internet paths. It may happen that the performance of the Internet
path for a participant on a call is poor due to outages or transient congestion (e.g., frequent packet
loss as shown in Fig.6), and we want to react in seconds (cannot wait 30 min for LP to address
it – would affect user experience). We monitor the packet loss and latency on the Internet path
as the call progresses, and move the user to WAN when the latency and packet loss are above
acceptable thresholds: packet loss ≥ 1% and latency threshold is set depending on the physical
distance. We observed the median number of users across 2 months with loss on Internet ≥ 1%
as 3.96%. In rare events when a large chunk of users experience poor performance, Titan would
take charge, adjusting the percentage of traffic on the Internet/WAN paths, and Titan-Next would
simply abide. We do not move calls from WAN to Internet as to satisfy the Internet capacity limits.
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