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Figure 3. CTP under normal activity.

Figure 5. DRAP under normal activity.

The white background indicates the user at position
A, the dark the user moving, and grey the user at
position B. The pattern of packet drops indicates that
our hypothesis is correct: packet drops tend to occur
following changes in subject's location.

CTP performed poorly under mobility, having an
end-to-end reliability of 71.18% even when a packet
was transmitted up to 30 times if it remained
unacknowledged. The long sequences of packet drops
are particularly disconcerting. The first-hop
reliability was 72.88%, indicating that 97.67% of the
packet drops occurred in the first hop. In contrast, if
the packets from the mobile node are delivered
reliably to the first relay node, then CTP's reliability
is 97.67%. This suggests that the key research
question is to develop a more reliable data collection
mechanism from the mobile nodes to appropriate
relays, which we call the dynamic relay association
problem in this paper.

Dynamic Relay Association

We developed the Dynamic Relay Association
Protocol (DRAP) to achieve reliable data collection
from mobile users to their first relay nodes. Based on
the insights from the empirical study presented in
Empirical Study, DRAP is not designed to be an end-
to-end routing protocol for replacing CTP. Instead, it
dynamically discovers and selects the right relay for
the patient node to send its data after the user moves.
DRAP complements routing protocols in that the
former focuses on reliable data delivery over the first
hop (from the patient node to the first relay), while
the latter focuses on delivering data from the first
relay to the base station. DRAP can therefore be
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Figure 4. CTP under stress mobility

Figure 6. DRAP under stress mobility.

easily integrated with existing data collection routing
protocols such as CTP.

The key design challenge in DRAP is how to
optimize for the common case when there is no
mobility and to adapt to user mobility. DRAP
accomplishes this by associating a mobile node with
the relay node that has the best link quality. DRAP
detects when its relay table becomes outdated due to
mobility by keeping track of the number of broken
links. We consider a link to be broken when five
packet transmissions remain unacknowledged. When
the number of consecutive broken links exceeds a
threshold set to three in our experiments, the entire
relay table is flushed and new relay is discovered to
avoid the previously discussed problem. A detailed
description of the DRAP protocol may be found in'’.

Empirical Evaluation: To evaluate the reliability of
DRAP we reran the mobility experiments presented
in the Empirical Study section. Figure 6 shows the
reliability of DRAP under mobility stress. During the
one-hour experiment, we did not observe any packet
drops. In contrast, CTP dropped 28.82% of the data
in a similar experiment (Figure 4). Figure 5 shows
the reliability of DRAP under normal activity. During
the 2.5-hour experiment, DRAP dropped only 3
packets resulting in an end-to-end reliability of
99.33% at a duty cycle of 2.09%.

Multiple User _Reliability _Study: To test the
performance of the system in the presence of multiple
users, we monitored 7 healthy volunteers for an hour.
The volunteers followed their normal activities while
carrying our patient nodes. The end-to-end reliability
of our system is shown in Table 1. The end-to-end
reliability for each user was between 96-100%. We




also measured the duty cycle of two of the
volunteers, which were 2% and 0.2%, respectively.
The difference in the duty cycles may be explained
by the difference in the mobility patterns of the two
users. The user with more frequent movement had a
higher duty cycle because DRAP kept the node active
to discover new relays.

User End-to-End Reliability
1 100.00%
2 98.33%
3 100.00%
4 100.00%
5 100.00%
6 96.15%
7 98.59%

Table 1. End-to-end reliability for multiple users.

An important concern is the scalability of the system
as the number of patients is increased. While the
experiments are limited to 7 users, the low data rates
make it feasible to monitor numerous patients.
Typical data rates achieved by 802.15.4 are 25-50
kbps. Assuming a 25kbps data rate and excluding
other traffic overhead (e.g., due to routing), the
proposed system may monitor up to 4100 patients
when the pulse and oxygenation are sampled every
30s. The large margin gives us confidence that we
may monitor all patients in a hospital unit.

Conclusion

This paper proposes wireless patient monitoring as an
enabling technology for early detection of clinical
deterioration in general hospital wards. We present
an empirical study on the reliability of real-time data
collection from mobile users wearing wireless pulse-
oximeters. We observe that the key challenge in such
systems is to prevent packet loss from mobile users to
their first-hop relays, while the standard data
collection routing protocol called CTP can provide
reliable data transport over stationary wireless relay
networks. Based on this insight we developed the
Dynamic Relay Association Protocol (DRAP), an
effective mechanism for dynamically discovering
right relays for mobile users. The key advantage of
DRAP is that it enables reliable data collection from
mobile. Empirical evaluation showed DRAP
delivered at least 96% of the data from multiple
users, while maintaining a radio duty cycle below
2.8%. Our results demonstrate the feasibility of
WSNss for clinical monitoring.
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