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Abstract
Even though there have been many reports of overcrowded and difficult-to-manage circulation routes  in secondary schools, there are still very few quantitative means used within the design industry for assessing circulation provisions. Arguably, school circulation design remains based on a combination of architect/stakeholder experience and minimum width/area recommendations contained within guidance documents.
To make advances in this area, this paper proposes a valuable new modelling approach for school circulation using a combination of school survey data and computational modelling.
The approach is successfully applied to predicting peak flow rates and congestion levels within an existing secondary school and is also shown to be a practical method for application on new-build projects.

1.
Introduction
Due to the poor state of existing school premises within the UK, this building sector is now receiving major capital funding from the government. Within the Building Schools for the Future programme1, there is a plan for £2bn to be spent during 2005 and 2006 to ensure the rebuilding or renewal of every secondary school in England over the next ten to fifteen years.
In relation to the design of these new schools, there are many elements for the designers and stake-holders to consider. These include architectural form, the curriculum and school specialisms, pupil management, evacuation and fire strategies, energy efficiency, structural design, services provisions, IT provisions, to name but a few. One of the areas of consideration relates to pupil movement around schools and the design and management required to avoid high levels of congestion and management/safety issues. However, this area is not always given sufficient consideration as shown by the following teacher’s comments: 
‘As a teacher in an inner city comprehensive school in Sheffield I often had to perform tiring and stressful break duties.  Management of the children was a particular problem at times of high congestion, especially the beginnings and ends of shorter breaks.  It was necessary to police students to prevent some from being pushed over or hurt in the crush of children trying to move at the same time through thin corridors and up the narrow staircases, despite labelling stairs either ‘up’ or ‘down’.’
‘Immanuel is a new school, construction having been completed approximately five years ago.

Hence you would expect that corridor layout and sizing would have been thought through…However the minor corridors become seriously congested… This results in poor discipline as students are pushed into each other, which in turn leads to rowdiness leading to vandalism of fixtures (light switches, ceiling tiles etc)...’
The main guidance documents impacting on school design, together with what are arguably their most major recommendations are listed in Table 1. This is not meant to be exhaustive and there are clearly other documents with useful guidance such as BS5588: Part 82. However, the intention here is to highlight the fact that design guidance is given on a generic area basis together with providing non-specific minimum circulation widths. It is not possible for this guidance to provide specific input based on predicted pupil flow rates and therefore it can not capture specific areas where high levels of congestion can occur.
Table 1      Design guidance applicable to schools

	Guidance Document
	Main Design  Recommendations; Relating to Circulation Provisions

	Building Bulletin 98: Briefing Framework for Secondary School Projects3
	· A net area provision is recommended (for teaching areas, halls, dining administration etc) based on a specific planned number of pupils. Significantly simplified here, the guide then recommends an additional 25%-30% to be provided for circulation space.
· Corridors leading to two or more teaching rooms are recommended to have minimum widths of 1.9m.
· Corridors leading to one room are recommended to have a minimum width of 1.2m.

	Approved Document B; Fire safety4
	· Minimum width of corridors in pupil areas to be 1.05m
· Minimum width of dead-end corridors to be 1.6m.

· Minimum stair widths of 1.1m (depending on number of children)

	Approved Document M; Access to and use of buildings5
	· Minimum corridor widths of 1.2m (plus wheelchair passing 
        places)
-       Minimum stair widths of 1.2m

	BS 8300: 2001; Design of buildings and their approaches to meet the needs of disabled people – Code of Practice6
	· Minimum corridor widths of 1.2m (plus wheelchairs passing 
        places)
-       Minimum stair widths of 1.0m


NB: All of the above documents provide guidance only, even though they can be used in developing a strategy to achieve compliance with such as the Building Regulations and the Disability Discriminations Act (DDA). Information has been gained for this table through discussions with the School Building and Design Unit, Seymour Harris Keppie Architects and consultants within Buro Happold Consulting Engineers.
The fact that there can be problems with congestion in schools, coupled with an absence of specific design guidance, can lead to some confusion between stake-holders when determining appropriate widths in school design. Whilst advising on school circulation for two schools being re-built within Sheffield, it was noted by a headmaster that school circulation would be too congested if the design included corridors less than 3m wide. The architect for the project did not agree and originally provided widths significantly narrower, but neither body could quantifiably prove or support their viewpoint. 
From the above, it is reasonable to conclude that there will be a number of areas in any school circulation design where there is either an under or over design. An over-design in circulation space may result in unnecessary additional costs and an inefficient use of space. An under-design could lead to high congestion levels, difficulties in pupil management and unsafe queues at the head of stairs.
This paper presents a powerful generic modelling approach to respond to the need for circulation assessments on schools. The approach is developed to aid in the understanding of where school circulation space should be provided within design. The developed approach uses computational modelling and is tested in three ways. The first is to determine whether predicted peak flow rates are comparable with observed values. The second is to determine whether predicted stair queuing levels are comparable to observed values.  The third is to show whether the approach is practical to use during the design process on a real school. 
2.
Methodology
The intention within this work is to test out a new generic modelling approach for quantitative assessments of school circulation. 
To test the approach we use the existing Deacons School within Peterborough. This school has approximately 1,000 pupils and is one of the three secondary schools to be combined into a large new academy within Peterborough. The existing building includes two storey teaching accommodation, organized around a library and courtyard. 

Following discussions with the assistant headmaster, it was agreed that the highest flow rates experienced within the school (and potentially all secondary schools) occurs when all of the pupils move towards their tutor groups. The test case for the generic modelling approach is therefore chosen as the 11:20 tutor group change at Deacon’s Secondary School on 11th June 2004.  Using rule-based people modelling software, comparisons are to be made between predicted peak flow rates and observed peak flow rates within the school corridors and on the circulation stairs.
2.1
Generic Modelling Approach and Application to Deacons School
The generic modelling approach tested on the school is illustrated within Figure 1.

Modelling Approach for New School
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(including basic plans and proposed school attendance)
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Fig. 1      Flow diagram for circulation modelling approach
2.2
Data Gathering 

To have appropriate data for input to the school model and for the testing of the model predictions, the school timetable and management strategy was reviewed and the pupil movement around the school surveyed using fixed and mobile video cameras.  Figure 2 illustrates the ‘survey stations’ on a plan of Deacon’s School. 
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Fig. 2      Existing Deacon’s School with ‘Survey Stations’ highlighted

A short description of the data collected at each survey station is given below.

2.2.1
Survey Station 1, 2, & 3
Using video cameras at Survey Stations 1, 2, and 3 (see Figure 2 and Figure 3), the following information was gathered:

· For fourteen classroom doors an event-counter was used to note the time each pupil exited the room at the end of a lesson. This allows the calculation of the maximum flow rate of children out of a door, the average of the flow rates taking into account the full period of class discharge (1st child until final child), and the average of the maximum flow rates measured for all doors surveyed. This is to form input data for the model.

· For thirty four classrooms in use, times were noted when children were let out of the classroom doors relative to the bell (class discharge intervals). This allows the calculation of a class discharge probability frequency distribution as input data for the model.
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Fig. 3      Left to right; mathematics corridor (SS1), English corridor (SS2), science corridor (SS3) 
2.2.2
Survey Station 4
Using a fixed video camera mounted on top of lockers at Survey Station 4, the following data was gained for the main corridor within the school:

· Times were noted for over thirty children to travel 4.4m within the Survey Station 4 corridor during free flow and full capacity conditions (see Figure 4). This data was gathered to calculate the speed for children for input to the model.

· An event-counter was used to note the time each pupil passed a notional line at the head of the Survey Station 4 corridor (shown in Figure 4). This allows the calculation of flow rates as time progresses and forms checking data for the model output.
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Fig. 4      Main corridor (SS4) under ‘free’ and ‘capacity’ flow conditions
2.2.3
Survey Station 5
Using a high level unobtrusive video camera at Survey Station 5, the following data were obtained:

· Times were noted for over thirty children to travel 3.2m along the Survey Station 5 stair; moving from landing to landing (see Figure 5). This was gathered to calculate the pupil’s flow speeds during both free flow and full capacity conditions to be used as input data for the model.

· An event-counter was used to note the time each pupil passed a notional line at the head of the Survey Station 5 stair (see Figure 5). This enables the calculation of flow rates as time progresses and provides checking data for the model.
· As time progressed following the bell, a note was made of the number of people queuing at the top of the stair. The definition of people queuing for this model was people who were on the top landing, but had stopped moving whilst awaiting sufficient ‘headway’ to make progress. For example, the right-hand picture in Figure 5 has two people queuing; clearly seen because their legs are together in a stationary stance. This provides checking data for the model predictions.
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Fig. 5      Stair (SS5) leading to language classrooms, under ‘free’ and ‘capacity’ flow conditions
2.2.4 Survey Station 6

Using a high level unobtrusive video camera at Survey Station 6, the following data were obtained:

· An event-counter was used to note the time each pupil passed a notional door line in this secondary/science corridor (see Figure 6). This allows the calculation of flow rates as time progresses and forms checking data for the model predcitions.
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Fig. 6      Secondary corridor (SS6), during pupil movement to tutor groups
2.3
Modelling Software
The software used for modelling within this assessment is the buildingEXODUS7 agent-based software developed by the Fire Safety Engineering Group (FSEG) of University of Greenwich. This software is representative of a number of agent-based evacuation modelling products on the market (aiding in the reproduction of the approach by others). Even though built for evacuation assessments, the primary functionality of the software is to take multiple agents from multiple chosen origins to multiple chosen destinations via their shortest route. Therefore, with the flexibility to allow for variability of speeds, discharge times (etc), the technology is theoretically easily transferable to circulation assessments. 

Figure 7 illustrates how the software works. Globally, each object (or “agent”) has an origin (class-room) and a target destination (tutor room), both of these locations used in the pre-processing of an agent-specific potential map; the lowest potential being at the destination. Locally, this potential map is overlaid onto a grid of 0.5m x 0.5m nodes, where an agent is able to occupy one node at a time. Based on pre-specified speeds, each agent moves between nodes via arcs, always trying to lower the potential of the node they are standing on until finally reaching their target. Various additional rules are present within the software to account for such as conflict between agents wanting to occupy the same node. As an area becomes more congested, the increase in conflicts between agents provides a speed-density effect  similar in nature to the speed-density effect noted by Fruin8 and Older9.
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Fig. 7    Left & right; buildingEXODUS global potential map, agents/nodes/arcs 
2.4
Testing the Modelling Approach

Using the buildingEXODUS software, the modelling approach presented in Section 2.1 is

now tested for peak flow rates at Survey Station’s 4 and 6 and for queue lengths at the top of the stair at Survey Station 5. For Stage1of the approach, the Deacon’s School time-table was used to populate a model using the pupil locations before the tutor group change at 11:20 on 11th June 2004. Complying with Stage2of the approach, 5% of the pupils were then removed from each class-room. For Stage3of the approach the destinations were firstly set as the true destinations for the pupils in accordance with the school time-table. Following this, account was taken for the fact that the tutor group organisation within the school uses vertical structuring, with each tutor group having approximately two students from each year group. Further models were built by randomising destinations (three times) within the constraints of the vertical tutor grouping system. 
Each of the cases is modelled thirty times in order to randomise the distribution of class discharge 
intervals over the classrooms. To gain further value from the study, additional sensitivity runs are also 
performed, with altered discharge time profiles. All runs performed are listed in Table 2.

Table 2      Model runs to test generic modelling approach
	
	Test 1 -
including true destinations
and measured discharge time profiles
	Test 2a, 2b, 2c -
including randomized destinations (within constraints of tutor group structuring) and measured discharge time profiles
	Test 3 - 

including true destinations and flat 2 minute discharge distribution
	Test 4 -

including true destinations and discharge times set to zero

	Number of Runs
	30
	3 x 30
	30
	1


3.
Results

3.1
Model Input (Survey Data)
The data found from the survey is listed as follows (values in bold used within the modelling approach):
Door Flow Rates

    -
Taking 5 second intervals, maximum flow rates out of the fourteen 
0.8m wide classroom doors were measured. There was found to be 
a large range of values from 60 children/minute to 120 
children/minute (standard deviation - 21 children/minute), with an average of the maximums being 80 children/minute. However, a more important value to use within simulations is in relation to taking average flow rates for each door as they discharged. Again there was a large range of values from 22 children/minute to 79 children/minute (standard deviation – 17 children/minute) with the average of the averages being 48 children/minute.
Class Discharge Times
    -
The discharge times for the thirty four classrooms around the 
School were measured and plotted as a probability frequency 
histogram as shown in Figure 8. This clearly shows that the 
majority of classes discharge in the first 2 minutes from the bell (as 
would be expected).
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Fig. 8      Probability frequency histogram for class discharge times 
Corridor Speeds

-
For the thirty pupils surveyed, the average free speed within a

corridor was calculated to be 1.25m/s with a standard deviation 

of 0.13m/s. This is quite low compared to the observations made by 

Ando10 and Hankin & Wright11 for children of a similar age. Very 
few high congestion speeds were obtained due to the level routes 
not achieving capacity for long periods. Indications were that the 
speed reduced to values in the order of 0.38m/s for capacity 
flow in corridors. Once again this appears low compared with Hankin and Wright11.
Stair Speeds

-
For thirty pupils, the average free speed on a stair was calculated 
to be 0.85m/s for the up direction (standard deviation – 
0.23m/s) and 0.96m/s for the down direction (standard 
deviation – 0.24m/s). For the down-direction, eight speeds were 
recorded during uni-directional capacity conditions with an 
average capacity speed of 0.62m/s and a standard deviation of 0.06m/s. Very few high congestion speeds were obtained for the up direction due to the sample stair not achieving uni-directional capacity conditions for a long period. Indications are that the capacity speed reduced to values in the order of 0.57m/s.
Corridor Capacity 
-
A capacity flow rate was observed a small number of times at 
Flow Rates 


Survey Station 4 where, on rare occasions, the flow rate was 
observed to reach 168 children/minute (including a level of counter 

flow). The average corridor width at this location is 1.73m with 
two pinch-points within doors measured at 1.31m and 1.35m. 

However, because research shows that portals inherently have 
significantly higher capacity flow rates than corridors (see 

SCICON12), the corridor width is used to calculate the flow 
capacity per metre width as 97 children/metre/minute. This 
compares well with the flow rates for children observed within 
Hankin and Wright11.
Stair Capacity

-
Considering all of the observed flows during the surveys, the 
Flow Rates 

stair capacity was noted to be approximately 76
children/metre/minute. Almost all flows were predominantly in 
a downward direction with minimal counter flow.
3.2        Comparison of Model Output and Observed Values
3.2.1
Peak Flow Rates for Main and Secondary Corridor
For each of the modelled cases, time-based flow rate profiles were output for the chosen survey locations. Figure 9 shows a comparison between the observed flow profile within the main corridor and a sample of the Test 1 predicted profiles. The chosen Test 1 profile is the one with a peak flow rate equal to the average of the peak rates observed during the thirty randomizations. Also shown on the graph are the maximum and minimum of the peak rates achieved during the runs. 
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Fig. 9      Comparison of observed flow profile within main corridor and Test 1 flow profile
For comparison, Figure 10 illustrates the profile gained for a Test 2a run, once again selecting a profile where the peak flow rate is equal to the average of the peak rates observed during the thirty randomizations of class-room discharge times.
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Fig. 10      Comparison of observed flow profile within main corridor and Test 2 flow profile
As can be seen for these two cases, there is relatively good agreement between the predicted peak flow rates and the observed peak flow rates. Table 3 and Table 4 compare all cases for both the main and secondary corridors.
Table 3      Comparison between observed and predicted flow rates for the main corridor
	
	Mean of peak flow rates (children/minute) 
	Standard deviation in peak flow rates
(children/minute)
	Percentage difference between observed mean peak  flow rate and predicted mean peak flow rate

(children/minute)

	Observed Flows
	132 
	(single profile)
	-

	Test 1
 (true destinations)
	137
	19
	+ 4%

	Test 2a

(1st randomization of destinations)
	129
	13
	- 2%

	Test 2b

(2nd randomization of destinations)
	144
	20
	+ 9%

	Test 2c

(3rd randomization of destinations)
	133
	22
	+ 1%

	Test 3

(true destinations and flat 2 minute discharge distribution)
	144
	20
	+ 9%

	Test 4

(true destinations and discharge times all set to zero)
	192
	(single profile)
	+ 45%



Table 4      Comparison between observed and predicted flow rates for the secondary corridor
	
	Mean of peak flow rates 
(children/
minute) 
	Assumed reduction of 21% in mean of peak flow rates; accounting for fewer children (children/

minute)
	Standard deviation in peak flow rates 
(children/

minute)
	Percentage difference between observed mean peak  flow rate and revised predicted mean peak flow rate

(children/

minute)

	Observed Flows
	72
	-
	(single profile)
	-

	Test 1
 (true destinations)
	105
	83
	22
	+ 15%

	Test 2a
(1st randomization of destinations)
	107
	85
	18
	+ 18%

	Test 2b
(2nd randomization of destinations)
	104
	82
	14
	+ 14%

	Test 2c
(3rd randomization of destinations)
	95
	75
	15
	+ 4%

	Test 3
(true destinations and flat 2 minute discharge distribution)
	111
	88
	23
	+ 22%

	Test 4
(true destinations and all discharge times set to zero)
	120
	95
	(single profile)
	+ 32%


For the secondary corridor, the mean of the predicted peak flow rates was significantly higher than the peak flow rate occurring in reality. Following further investigation of this corridor, it was found that a number of teachers discharged their children out into open air using fire exits so as to avoid corridor congestion. This being the reason for the difference is supported by the fact that the number of people predicted to pass Survey Station 6 was approximately 102, with the actual observed number who passed being 81 (a 21% decrease). Table 4 therefore includes a notional reduction in flow rate to account for the lower number of children present.

From Table 3 and Table 4 there is further evidence that using the approach with both true destinations and randomized destinations (adopting tutor group constraints) gives reasonable predictions for peak flow rates. The results appear to vary up to 18% and are predominantly on the conservative side for design. Further confidence will be gained through more observations.
Even though it appears that an assumed 2 minute flat distribution of discharge times can provide reasonable results for peak flow rates, it is evident from Test 4 that the discharge times do start to have a significant impact on peak flow rates as they differ significantly from reality. Not only is there an impact on predicted peak flow rates, but congestion starts to appear where there was no congestion in the school (see Figure 11). Replicated within a real design scenario, this could lead to an over-design of areas where congestion is predicted and under-design of areas where higher flow rates would have existed if it were not for the up-stream congestion (as seen at the census line in Figure 11; from Test 4).  
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Fig. 11      Probability frequency histogram for class discharge times
3.2.2
Queuing Levels at the Languages Stair
For Survey Station 5, the capacity of the stair was reached during all of the observations and within almost every modelled case. Therefore, the comparison made here is in relation to the levels of queuing at the head of the stair and not the flow rate profiles. 
Within the modelling predictions it was noted that queuing occurred either when three groups arrived at the stair at the same time or two groups arrived after a period of approximately 4minutes (when significant counter flow was experienced due to people arriving from lower levels). This is because the average door flow rate is 48children/minute and the modelled stair capacity was between 96children/minute and 132children/minute; higher than the observed capacity of 96people/minute due to the ‘stair packing’ functionality within the software. 

The queuing level observed at the head of the stair during the survey was never greater than six people. It is estimated that this number would have been higher but for people choosing to slow down as they approached the queue. For comparison against the observed queue, Table 5 shows the percentage of times queuing occurred for each of the test cases.

Table 5      Queuing levels observed at the top of the stair in survey station 5
	
	Percentage of runs where the largest queue was between 1-8
	Percentage of runs where the largest queue was between 9-16
	Percentage of runs where the largest queue was between 17-24

	Test 1
	67%
	23%
	7%

	Test 2a
	60%
	20%
	3%

	Test 2b
	67%
	17%
	10%

	Test 2c
	70%
	13%
	13%

	Test 3
	70%
	10%
	16%

	Test 4
	0%


	0%


	100%

(single run)


For any given time, Table 5 shows that in all likelihood the stair will experience queuing levels of between 1 and 8. This is in line with the observed maximum queue length at the school. 
4.0 Project Application
The practicality of the modelling approach was tested within the design of the proposed Thomas Deacon Academy in Peterborough. This is planned to be the largest occupancy academy within the UK, combining three existing secondary schools into one and having a student capacity of over 2000. The impressive design incorporates three storey accommodation, the teaching space surrounding a large open atrium space and circulation space comprising 1.9m wide balconies and two open circulation stairs (see Figure 12).
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Fig. 12      Proposed Level 3 general arrangement for Thomas Deacon Academy in Peterborough
As experienced elsewhere, concern was voiced on this project about the adequacy of circulation widths, this time by a DfES representative. To assess the circulation provisions on the project, the modelling approach was therefore applied. Firstly, Deacon’s School time-tabling information was used to populate the class-rooms (stage 1) and a conservative judgment made that no children will be off sick (stage 2). For the destinations, it was not possible to say exactly which child would go to which tutor group and therefore the approach used was to randomize the destinations using the constraints of the vertical tutor grouping structure (stage 3). The model was then constructed using the appropriate survey data from Deacon’s School (stage 4). The software used on this project was an in-house developed agent-based network model as discussed by Sharma, Brocklehurst, and Westbury13 (see Figure 13). 

Fig. 13      Agent-based network model for Thomas Deacon Academy in Peterborough
This software allows a large number of sensitivity runs to be carried out very quickly, with the option of turning off the speed-density function. Disabling this function provides flow rate output which can be compared with capacity flow rates for different terrain in order to enable recommendations of overall widths to avoid queuing/congestion completely. Within the assessments carried out, the following complex issues were considered:

Design Changes
-
stair widths and numbers

-
walkway widths
-
class-room locations

School Management Changes
-
tutor group locations and numbers

-
locker positions on walkways

-
class management; with or without bells

-
use of fire evacuation stairs for circulation

Some of the design/management modifications made to optimize circulation within the academy were:

1) de-activation of the school bell for class changeovers (now successfully implemented in the existing Deacons school)

2) adoption of larger circulation stairs

3) positioning of circulation stairs in the most integrated and balanced locations
4) re-location of school lockers off the walkways to the open ground floor  

It was found during the project that a valuable qualitative understanding could also be gained by visualizing the circulation flows and making judgments on comfort (see Figure 14). 

Fig. 14      Visualisation of child movement for Thomas Deacon Academy in Peterborough
5.0
Conclusions

In response to the identified needs for circulation modelling within secondary schools, this

paper has presented a powerful new modelling approach using agent-based software. The approach has been successfully tested on an existing secondary school within Peterborough, with the findings showing it to provide good indicative predictions for both flow rates and queuing levels. The approach developed is generic in nature because it provides reasonable judgments using the information available during the design process. Existing timetables can be used for placing numbers of pupils in classrooms and tutor group management rules employed to determine destinations for each pupil.
This approach has also been successfully applied on the proposed Thomas Deacon Academy within Peterborough. 
To build on this work, further valuable research can be carried out on:
· testing against further observed samples

· developing the approach for applications to other scenarios (even though tutor-group changeover was highlighted as critical)

Approaches like this will support the strong interest within the educational community in providing the appropriate and specific levels of circulation space, integrated with the management strategy for the building.
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Maximum and minimum of peak flow rates during 30 discharge time randomizations





Bell sounded for tutor group change





Predicted congestion





Downstream census line





Bell sounded for tutor group change





Maximum and minimum of peak flow rates during 30 discharge time randomizations





Destination





Origin 





Natural path to lower an agent’s potential; the agents successively moving to darker colours





Agents arriving at tutor rooms





Agents discharging from classrooms





Conflict as agents move through the model





Run flow model using shortest distance movement paths and appropriate values for:


-    class discharge times


(randomised multiple times)


-    child speeds


-    speed/density relationships











Set tutor-group destinations for each pupil using either the proposed timetable or by random allocation within the tutor group organizational constraints





Remove 5% of pupils from each classroom accounting for pupils being off-sick





3.2m





Use proposed timetable or indicative existing timetable (appropriate to the number of children and type of school) to populate the model classrooms 





4.4m





Event-counter used to gain flow rates passing notional line per second





Survey Station 1 (SS1)











Survey Station 5 (SS5)











Survey Station 4 (SS4)











Survey Station 2 (SS2)











Survey Station 6 (SS6)























Survey Station 3 (SS3)























Output and assess flow rates, congestion levels and queuing levels to inform the design
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