
The SWARM algorithms



• Coordinated strategy 
• Has 2 primary functions: forecast and apportionment.
• Freeway is divided into sections, each section limited downstream by a bottleneck.
• Regulates density at the bottleneck section, keeping it below the estimated 
saturation density.
• Saturation density is estimated daily using a 2nd order polynomial fit on the 
fundamental diagram. 
• Ramp metering rates are set based on forecasted bottleneck densities. Forecast is 
made with a Kalman filter (?)

SWARM 1



• Two local strategies (2a and 2b) 
• Only one of the two can be used, perhaps in combination with SWARM 1.

SWARM 2



[Freeway segmentation]                               SWARM 1

Zone 1 Zone 2 Zone 3

Bottleneck 1 Bottleneck 2 Bottleneck 3

• The freeway is divided at the bottlenecks into zones.
• Each zone refers to its downstream bottleneck.



[Kalman Filter]                                      SWARM 1

• A Kalman filter is used to estimate the future bottleneck density
• The a-priori estimate is used as the “observation”!

NET code.

for ( i=0; i<FORECAST_LEAD_TIME; i++ ){

SW_BOTTLENECK[k].Tcrit = SW_BOTTLENECK[k].Tcrit + 1;

temp = SW_BOTTLENECK[k].pre_mean_density_forecast;
SW_BOTTLENECK[k].pre_mean_density_forecast = SW_BOTTLENECK[k].post_mean_density_forecast * MODEL_PARA_A 

+ SW_BOTTLENECK[k].norm_station_density_slope_forecast * MODEL_PARA_B;

SW_BOTTLENECK[k].pre_variance_density_forecast = 
pow( MODEL_PARA_A, (double)2 ) * SW_BOTTLENECK[k].post_variance_density_forecast

+ pow( MODEL_PARA_G, (double)2 ) * MODEL_PARA_Q;

observation_station_density = SW_BOTTLENECK[k].pre_mean_density_forecast;

SW_BOTTLENECK[k].post_variance_density_forecast = 1/( 1/ SW_BOTTLENECK[k].pre_variance_density_forecast
+ MODEL_PARA_H * MODEL_PARA_H/MODEL_PARA_R );

SW_BOTTLENECK[k].post_mean_density_forecast = SW_BOTTLENECK[k].pre_mean_density_forecast
+ SW_BOTTLENECK[k].post_variance_density_forecast *( MODEL_PARA_H/MODEL_PARA_R ) 
* ( observation_station_density - MODEL_PARA_H *SW_BOTTLENECK[k].pre_mean_density_forecast );

for ( j=0; j < SLOPE_SAMPLE_SIZE - 1; j++ ) 
SW_BOTTLENECK[k].slope_density_forecast[j] = SW_BOTTLENECK[k].slope_density_forecast[j+1];
SW_BOTTLENECK[k].slope_density_forecast[SLOPE_SAMPLE_SIZE-1] = observation_station_density;

SW_BOTTLENECK[k].norm_station_density_slope_forecast = density_slope_calculator_forecast(k);

} 



[Required current density]                            SWARM 1

t

rho(t)

alpha*rho_sat

For each zone, at time t we check whether the measured density at the
bottleneck is above or below alpha*rho_sat, where rho_sat is the critical 
density and alpha<1.

We want to calculate rho_req(t), the current density required so that the 
bottleneck will not become saturated Tf seconds in the future. 



[Required current density]                            SWARM 1

t

rho(t)

alpha*rho_sat

If rho(t) > alpha*rho_sat � rho_req(t) = alpha*rho_sat



[Required current density]                            SWARM 1

t t+Tf

rho(t)

rho(t+Tf)
alpha*rho_sat

If rho(t) > alpha*rho_sat � rho_req(t) = alpha*rho_sat

Otherwise estimate rho(t+Tf)
If rho(t+Tf) < alpha*rho_sat � rho_req(t) = alpha*rho_sat



[Required current density]                            SWARM 1

t t+Tf

rho(t)

rho(t+Tf)

rho_req(t)

alpha*rho_sat

rho(t) – rho_req(t) = rho(t+Tf) – alpha*rho_sat

If rho(t) > alpha*rho_sat � rho_req(t) = alpha*rho_sat

Otherwise estimate rho(t+Tf)
If rho(t+Tf) < alpha*rho_sat � rho_req(t) = alpha*rho_sat

Otherwise
rho_req(t) = rho(t) – rho(t+Tf) - alpha*rho_sat units?



[Forecast]                                          SWARM 1

tt-h t+1 t+Tc



[Forecast]                                          SWARM 1

tt-h t+1 t+Tc

Model: 

b = least squares on data in [t-h…t] : 

“Forecast” densities in [t-h…t] using Kalman filter: 

Forecast densities in [t-h…t] using “Kalman filter”: 



[Forecast]                                          SWARM 1

OPTION A : update b every step

OPTION B : no b update

tt-h t+Tc



[Metering rate apportionment]                         SWARM 1

Once we have calculated rho_req(t) for each zone, we need to find the 
metering rates that will bring the current density at the bottleneck to 
rho_req.

We do this by converting the density difference into an adjustment to the 
metering rate, and then apportioning this adjustment to the different 
ramps within the zone.

The algorithm involves:
rex … excess onramp metering rate
rdes …. Desired onramp metering rate
rc … actual onramp metering rate



[Metering rate apportionment]                         SWARM 1

Zone 3 Bottleneck 3



[Metering rate apportionment]                         SWARM 1

Zone 3 Bottleneck 3



[Metering rate apportionment]                         SWARM 1

Zone 3 Bottleneck 3



SWARM 2a



SWARM 2a



SWARM 2b



SWARM 2b


